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a  K55TI? ACT
Lipoamide dehydrogenase is a component of the multienzyme complexes 
pyruvate dehydrogenase and 2-oxoglutarate dehydrogenase in Saccharomyces 
cerevisiae, A mutant, Ipdl, lacking pyruvate dehydrogenase,
2-oxoglutarate dehydrogenase and lipoamide dehydrogenase activity had 
previously been isolated in yeast. In addition, this mutant had been used 
to screen a YEplS based yeast gene bank leading to the isolation of a
5,5 kb region of yeast DIA containing a gene, designated LFD, which 
complements the mutation,
In this thesis the DIIA sequence of 2.7 kb of the 5,5 kb region is 
presented. The sequenced region contains a 1.5 kb open reading frame 
representing the LFD gene. From homology between the deduced amino acid 
sequence of this open reading frame and the primary sequence of E. coli 
and pig heart lipoamide dehydrogenase, the LFD gene has been shown to 
represent the structural gene for lipoamide dehydrogenase. The primary 
sequence encoded by the LPD gene also shows very strong homology to 
several other related amino acid sequences including glutathione 
reductase, mercuric reductase and the lipoamide dehydrogenase sequence 
from A, vinlandii and human liver cells.
Analysis of the upstream region of the LFD gene led to the 
identification of several sites of homology between sequences within this 
region and known yeast regulatory motifs. These included three sites for 
the binding of the GCI4 protein, a sequence very similar to the UAS2 of 
CYC1, and three regions similar to the sequence TCACGTGA identified as an 
important element within the promoter of the TFF1 and GAL2 genes in 
S, cerevisiae, in the adenovirus major late promoter and as the binding 
site of the centromere-binding protein, CPI.
Transcript analysis of LFD expression during conditions of amino 
acid, starvation was carried out. In addition, gel retardation and BUasel 
protection experiments, to investigate interactions between in vitro 
synthesised GCI4 and the upstream region of the LFD gene, were performed. 
The results from these experiments suggest but do not conclusively prove 
that the LFD gene is subject to general amino acid control.
In an attempt to identify other DIA-binding proteins which interact 
specifically with the LPD gene, protein fractions from an heparin- 
Sepharose column were assayed by gel retardation for binding to DIA 
fragments from the 5' end of the gene. Several DIA-binding activities 
were identified including a DIA-binding protein which binds regions 
upstream and downstream of the translation start site. This DIA-binding 
activity could be competed by the addition of increasing amounts of a 
ligated oligonucleotide containing two copies of the TCACGTGA sequence.
The specificity and the regulatory role of the proteins identified 
as binding to the 5' end of the LFD gene remain to be determined. In 
this thesis a preliminary analysis of the elements involved the 
regulation of this gene has been carried out and future directions, in the 
study of transcriptional control of the LFD gene, discussed.
Ta Mum and Dad
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The regulation of gene expression is one of the fundamental 
mechanisms involved in the control of cellular processes. The co­
ordinated regulation of many different genes is required both 
throughout the various stages of the cell cycle and to enable a 
cellular response to enviromental changes.
Enzyme activity can be regulated by proteolytic cleavage, 
allosteric interaction or covalent modification. The regulation of 
enzyme synthesis, however, is also important in modulating the rate 
of metabolic reactions. For example, in the presence of glucose the 
expression of genes which encode enzymes involved in both the TCA 
cycle and oxidative phosphorylation are repressed in yeast and 
bacterial cells (Magasanik, 1961; Gascon et al., 1963; van Vijk et 
al., 1969). The utilisation of galactose by yeast cells, in the 
absence of glucose, represents another example in which the 
regulation of gene expression controls a metabolic pathway (Qshima, 
1981).
An understanding of the molecular mechanisms involved in the 
regulation of gene expression is, therefore, of great importance and 
is currently the source of extensive investigation in both 
prokaryotic and eukaryotic organisms. The subject of this thesis is 
the investigation of the mechanisms involved in the regulation of 
the gene which encodes lipoamide dehydrogenase, an enzyme with at 
least two distinct roles in the central metabolism of the yeast 
Saccharomyces cersvisiae.
1.1 A MODEL FOE TRANSCRIPTIONAL REGULATION IN YEAST
The molecular mechanisms involved in the control of many 
different yeast genes have now been investigated. From this work a 
model has emerged which summarises the findings, This model is 
shown in figure 1.1. The features of this model can be divided into 
two distinct classes. Cis-acting elements which have been found, 
with the exception of downstream activation sites, in the 5* non- 
coding region of all genes, and trans-acting factors which interact 
with the regulatory elements of genes to control the rate of 
transcription.
1.1.1 Cis-acting elements
The cis-acting elements include the upstream activation site or 
UAS, operator element, TATA box, initiator element and downstream 
activation site or DAS. Not every gene contains all the above cis- 
acting elements but the majority, studied so far, contain at least a 
UAS, TATA box and initiator element (Struhl, 1987).
Upstream activation sites are required for transcription and 
usually determine the regulatory properties of a promoter (Guarente,
1984). They resemble mammalian enhancer sequences functioning in 
both orientations and at variable distances with respect to the
other promoter elements and the mRNA initiation site (Chandler,
1983), Genes which are co-ordinately regulated share common UAS 
elements. There is now good evidence, from the study of the
promoters of many different yeast genes, that UAS's are the binding 
sites for transcriptional regulatory proteins. A second class of
UAS's exist upstream of several constitutively expressed genes.
These consist of poly(dA-dT) homopolymer sequences which may 
function by excluding nucleosomes (Struhl, 1985).
Figure 1. 1. Elements involved in transcriptional activation.
The schematic model shows elements known to have a role in 
transcriptional activation in yeast. 0?, operator; UAS, upstream 
activation site; TATA, TATA element; I, EEA initiation site; DAS, 
downstream activation site; E, repressor; B, DNA-binding site of 
trans-acting factor; A, transcriptional activation domain of trans­
acting factor; T, TATA-binding factor; RPII, EEA polymerase II, The 
hatched arrow represents mEKA transcription. The double black line 
represents DEA shown here looping out to allow the trans-acting 
factors to interact. The details of exactly how all these regulatory 
elements interact remain unclear. The arrows with question marks 
represent suggested interactions. Diagram modified from Struhi, 
(1987).
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Some yeast promoters contain, elements involved in the
repression of transcription refered to as operator elements (Brent,
1985), An example of an operator element is found in the inducible
DAL7 gene (Cooper, 1988). The regulatory region of this gene
contains three distinct classes of regulatory element, The upstream 
element has been resolved into two separate sites termed the
upstream activation sequence, or UAS, and the upstream induction 
sequence or UIS . These two sites interact with an operator element 
termed the upstream repressor site or URS. The UIS modulates the 
activity of the URS which in turn, in some way, acts to inhibit the 
activity of the UAS. A minimum of two copies of each regulatory 
element are needed for the normal functioning of the DAL7 regulatory 
element. How applicable this system is to the regulatory apparatus 
of other genes remains to be seen.
The TATA box, consensus TATAAA, is necessary but not 
sufficient for transcription initiation in most yeast genes, however, 
the absence of the TATA element from the PGK gene has been shown to
affect the transcript start site position but not the rate of
transcription (Ogden et al., 1986). The HISS gene has been shown to
contains two functionally distinct TATA elements designated Tc and
T,- involved in constitutive and inducible expression respectively 
(Struhl, 1986). The position of the TATA box can vary in yeast from 
40 to 120 bp from the mRNA initiation site (Struhl, 1987). This is 
in contrast to the situation in mammalian cells in which TATA 
sequences are almost always located 25-30 bp from the initiation 
site (Breathnach and Chambon, 1981). The presence of the TATA box 
in many promoters indicates its function may be to bind a general 
transcription factor.
The initiator element controls the location of transcription 
initiation and may represent the binding site of either the R M
polymerase II or a protein associated with this enzyme (Burton et
al. 1986). Removal of the TATA box and cis-acting elements of the
HIS4 gene and selection for supressor mutations has given rise to 
mutations in R M  polymerase II subunits supporting the conclusion 
that the trans-acting factors which bind to these cis-acting 
elements interact directly with R M  polymerase II (Fink, 1988). 
Downstream activation sites required for maximal expression, have 
been identified within the coding regions of the PGK and PYK genes 
of yeast (Mellor et al., 1987; Purvis et al., 1987). How these sites 
affect the rate of transcription remains unknown.
1.1.2 Trans-acting factors
Trans-acting factors which are involved in transcriptional 
activation and which bind to upstream activation sites have been 
identified in yeast. These incude GAL4, GCM4 and HAP1 proteins 
(Giniger et al., 1985; Hope and Struhl, 1985; Pfeifer et al., 1987). 
Analysis of truncated versions of the GAL4 and GC1I4 proteins has 
revealed the presence of distinct DM-binding and transcriptional 
activating domains (Keegan et al., 1986; Hope and Struhl, 1986) in
the intact proteins. The DM-binding domains of the two proteins 
differ significantly, GAL4 appears to interact with D M  using the 
'zinc finger' motif while the method of D M  binding for G C M  of a 60 
amino acid C-terminal region, representing the DM-binding domain, 
remains unclear as it fails to conform with either the zinc finger 
or helix-turn-helix structure, shown to be the two major motifs 
involved in D M  recognition (Miller et al., 1985; Pabo and Sauer,
1984).
homology. Sequential deletion analysis of a LexA-GCM protein,
containing the LexA binding domain and the GCU4 transcriptional 
activator has revealed that a 19 amino acid region within the acidic 
region is sufficient for transcriptional activation (Hope and Struhl, 
1986). Deletion analysis of the GAL4 activator has yeilded similar 
results (Ma and Ptashne, 1987), transcriptional activation, in this 
case, is localized to two short separate regions (50 - 100 amino 
acids),
The acidic regions show some similarity to signal sequences 
involved in targeting proteins to the mitochondria (von Heijne, 
1986) since both types of sequence have been shown to be capable of 
folding into a helices. In targeting sequences this a helix is 
amphiphilic containing one polar and one non-polar face while for 
transcriptional activator sequences the putative a helix is 
amphipathic containing one hydrophilic face bearing acidic residues 
and one hydrophobic face. In addition, the GAL4 transcriptional 
activation domain has been replaced by a synthetic peptide which 
folds to give an amphipathic a helical structure (Giniger and 
Ptashne, 1987). The design of this synthetic peptide was based on 
the above observation that, although the activation regions so far 
examined have no obvious sequence homology, they contain amino acid 
sequences which, should they fold into a helices, would form 
negatively charged, amphipathic a helices. When expressed in yeast, 
the artificial protein bearing this peptide efficiently activated the 
GAL1 gene which is normally activated by GAL4. An otherwise 
identical protein with the novel amino acids in a random order, 
which is unable to form an amphipathic structure, does not activate
GAL1 transcription. These data support the idea that the 
amphipathic nature of these putative helices is necessary for 
activity.
The size of these transcriptional activators excludes the 
possibility that they encode catalytic activities. Instead they are 
likely to represent surfaces which interact with other proteins of 
the transcriptional machinery such as TATA binding proteins, 
recently identified in yeast (Buratowski et al., 1988), RUA 
polymerase II or other regulatory proteins. GAL4 has recently been 
shown to stimulate transcription in mammalian cells when GAL4 
binding sites are introduced upstream of a mammalian gene (Kakidani 
et al., 1988; Vebster et al., 1988). Similarly GAL4 activates 
transcription in both Drosophila and plant cells (Fischer et al., 
1988; Ma et al., 1988). In the converse experiment the transcription 
of a yeast gene, HIS3, has been shown to be activated by the 
vertebrate transcription factor JUH (Struhl, 1988), which recognises 
a similar motif. These results indicate that a common mechanism 
for transcriptional activation exists in eukaryotes.
Any mechanism attempting to explain the interaction of trans­
acting factors in the regulation of gene expression must take into 
consideration the distances (up to 1.4 kb) which exist between the 
binding sites of these regulatory proteins (Guarente, 1984). A 
variety of different models have been proposed whose exponents have 
been divided into four groups, sliders, twisters, oozers and loopers, 
by Ptashne (1986). The slider model proposes that regulatory 
proteins bind to DUA and slide along the helix, in a manner 
analogous to certain restriction endonucleases, to interact with 
other proteins. The twister model suggests trans-acting factors
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communicate via the unwinding of intervening DNA regions. The oozer 
model envisages the distance between the regulatory proteins is 
breached by several intermediate proteins which relay the effect of 
one DNA-binding protein to another. Finally the looper model 
proposes the region of DNA between control elements loops out 
allowing the regulatory proteins to interact directly.
Several experiments involving the investigation of DNA-binding 
regulatory proteins from many different organisms indicate the 
looping model probably represents the way trans-acting factors 
interact. The results of key experiments which have been used to 
argue against the first three models discussed above and to support 
the looping model are summarised below.
Evidence against both the sliding and twisting models comes 
from the observation that the ends of the bacteriophage Mu 
efficiently recombine in vitro under the direction of site-specific 
recombinational proteins when the two binding sites are present on 
totally separate intertwined DNA circles (Craigie and Mizuuchi,
1986). The proteins involved can therefore not interact in this 
case through unwinding of the DMA or by sliding along the DMA as 
the two eis-acting elements are on totally separate DMA molecules. 
Plon and Vang, <1986), designed an experiment that topologically
separates the DNA site recognised by a regulatory protein from a 
gene without destroying gene activation. They constructed a 'tailed 
circle' in which the regulatory sequence, the SV40 enhancer, forms a 
hairpin protruding from an otherwise intact circular DMA molecule 
that includes a gene (human p-globin). When this construct is
introduced into cells, transcription of the gene is enhancer
dependent, as it is when gene and enhancer are present on ordinary
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for gene activation, because twisting the protruding enhancer could 
have no effect on the topology of the gene. The oozing model seems 
implausible given the large distances often present between cis- 
acting elements and experiments performed in vitro show that for 
the case involving the ends of Tn3, the amount of protein sufficient 
to catalyse the reaction is insufficient to cover the DMA between 
the sites (Krasnow et al., 1983).
The evidence for looping includes the following observations. 
First, although cis-acting elements can fuction at variable distinces 
from each other, in several cases it has been demonstrated that the 
ability of these elements to interact is dependent on the spacing 
between them remaining an integral number of helical turns (Dunn et 
al., 1984; Martin et al., 1986). If the spacing is varied by half­
integral numbers of turns the interaction of the elements is reduced 
suggesting the DMA can bend but not twist to allow interaction of 
proteins binding to these cis-acting elements. Second, the DNase 
sensitivity pattern of DMA between two cis-acting elements alters 
when proteins are bound to the elements. The DMA between the sites 
becomes alternately hypersensitive and resistant to DNase and the 
interval separating these recurring hypersensitive and resistant 
sites is five base pairs (Horschild and Ptashne, 1986). This 
pattern of DNase sensitivity can be explained by looped DMA which 
will be more sensitive to DNase where the minor groove, the site 
recognised by DNase, is expanded and more resistant when the minor 
groove is compressed. Finally, electron microscopy has now been 
used to provide direct visual evidence for DNA looping induced by X 
repressor binding (Griffith et al., 1986).
The above results together strongly support the proposed 
looper model for transcriptional activation, however, further 
investigation of the characteristics of yeast promoters is needed 
before the looping model can be confidently proposed as the correct 
mechanism in S, cerevisiae
Thus, in the model shown in figure 1.1, a specific trans­
acting factor binds to the UAS. It then mediates its effect by 
interacting with other regulatory proteins, including the TATA 
binding protein, and ultimately RITA polymerase II. This interaction 
is made possible by the looping out of the intervening DIA. Thus 
the DITA acts as a scaffold for the assembly of an active 
transcription complex.
The regulatory regions of yeast genes, encoding proteins 
involved in galactose utilisation, nitrogen assimilation and
degradation, oxidative phosphorylation, mating type control and 
glycolysis have all been investigated by other workers. A theme
emerging from this work is the high level of complexity, often
present, with several upstream cis- and trans-acting elements 
involved in controlling the transcription of each gene. As yet, 
however, very little work has been done to investigate the
regulation of the genes which encode enzymes involved in the TCA 
cycle. This is despite the central metabolic position of this cycle 
which has key roles in both energy synthesis and the production of 
precursors for a wide variety of biosynthetic pathways. An 
investigation of the regulation of the gene encoding lipoamide 
dehydrogenase provides an opportunity to examine the control 
mechanism of a gene encoding a protein involved in two metabolic 
steps which are important in the functioning of the TCA cycle,
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1.2 LIPOAMIDE DEHYDROGENASE ENZYMOLQGY AND REGULATION
Lipoamide dehydrogenase is a component of the two multienzyme 
complexes pyruvate dehydrogenase and 2-oxaglutarate dehydrogenase 
which catalyse the oxidative decarboxylation of pyruvate to acetyl 
CoA and 2-oxoglutarate to succinyl CoA respectively (Reed, 1974). 
The metabolic position of these two multienzyme complexes is shown 
in figure 1.2. Bath enzyme complexes are required, during growth on 
non-fermentable carbon sources, for the synthesis of ATP. The role 
of the two complexes in the TCA cycle dictates that they are also 
important in producing substrates for anabolic pathways such as 
glutamate and porphyrin biosynthesis. All available evidence 
suggests both multienzyme complexes function within the 
mitochondrial matrix-inner membrane space.
The two complexes mediate an analogous series of reactions 
catalysed by multiple copies of three types of enzyme activity: 
pyruvate or 2-oxaglutarate dehydrogenase (El); acetyl or succinyl 
transferase (E2) and lipoamide dehydrogenase (E3). The El and E2 
components are specific to their respective complexes while 
lipoamide dehydrogenase has been shown to be functionally 
interchangable between both (Mukherjee, 1965). In Escherichia coli 
and Saccharomyces cerevisiae this is encoded by a single nuclear 
gene (Guest and Creaghan, 1973; Dickinson et al., 1986),
The sequence of reactions catalysed by the two multienzyme 
complexes is summarised in figure 1.3. The dehydrogenase component, 
El, mediates the thiamine pyrophosphate-dependent decarboxylation of 
the 2-oxoacid and its subsequent oxidation to an acyl group by 
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Figure 1. 2. Role of lipoamide dehydrogenase in yeast metabolism.
Vhen grown on a fermentable substrate, such as glucose, 
Saccharoayces cerevlsiae ferments the sugar to ethanol, and the TCA 
cycle is repressed by catabolite repression although there is still 
a requirement for some activity for the synthesis of metabolites 
such as haem and the glutamate family of amino acids (glutamate, 
glutamine, proline, arginine and lysine).
Vhen grown on non-fermentable substrates, such as glycerol and 
lactate, the substrate is respired, entering the TCA cycle via 
pyruvate, and both pyruvate and 2-oxoglutarate dehydrogenase are 
required. On ethanol and acetate there is a reduced need for the 
pyruvate dehydrogenase complex. El, E2 and E3 refer to the three 
enzymic comnonents of the complexes.
R .C O .  COOH +  CoASH-f-NAD+ ->R. C O ~ S C o A + C O ,  +  NADH + H +
Figure 1. 3. Diagrammatic . representation of the sequence of
reactions catalysed by the El, dehydrogenase, E2, dihydrolipoyl 
transacylase and E3, lipoamide dehydrogenase components of the 
pyruvate and 2-oxoglutarate dehydrogenase complexes.
The lipoamide coenzyme, joined to the polypeptide chain (•) of 
a transacylase component (E2) by amide linkage to the e-amino group 
of a lysyl-residue, is shown interacting at three active sites in 
oxidised, acylatea-reduced, and reduced states. R, CHa- or
COOH.CHa.CHa-: TFP, thiamine pyrophosphate; CoA-SH, coenzyme A; FAD, 
flavin adenine dinucleotide; HAD* and NADH, nicotinamide adenine 
dinucleotide, oxidised and reduced form.
bond that is conserved when the acyl group is transferred to CoA by 
the transacylase component. Finally, the reduced lipoamide coenzyme 
is reoxidised by the flavoprotein component lipoamide dehydrogenase, 
E3, with the concomitant reduction of a molecule of NAD-1" (Williams 
et al., 1976).
The organisation of the components of pyruvate dehydrogenase 
and 2-oxoglutarate dehydrogenase are considerably more complex than 
figure 1.3 might suggest. The stoichiometry and organisation of the 
three components has been studied in a number of different 
organisms (Reed, 1974) and is summarised in table 1,1 and figure 
1.4. The assembly of the E. coll pyruvate dehydrogenase 
transacetylase and the transacylase components from both E. call 
and mammalian 2-oxoglutarate dehydrogenases is based upon an 
octahedral 432 symmetry. This forms the structure onto which the 
El and E3 components, each in dimeric form, are positioned.
The mammalian pyruvate dehydrogenase complex has a different 
structure. A pentagonal dodecahedral arrangement of transacetylase 
components forms the central structure onto which the El and E3 
components are located. The pyruvate dehydrogenase component has 
the subunit composition a2fe. The a chain catalyses the 
decarboxylation of pyruvate while the 0 chain catalyses the 
reductive acétylation of the lipoyl moiety of the transacetylase. 
Lipoamide dehydrogenase again assembles in dimeric form. The 
mammalian pyruvate dehydrogenase complex also contains kinase and 
phosphatase subunits involved in regulating the enzyme activity of 
the complex (Reed, 1974). The presence of a further component, 
termed subunit X, has also been reported for the mammalian pyruvate
Table 1. 1. Subunit composition of E. call and mammalian pyruvate
and 2-cxoglutarate dehydrogenase complexes.
?DC, p yru va te  dehydrogenase complex; OGDC, 2-oxog lu tara te
dehydrogenase complex. Diagram f r•om Reed, (1974).
Enzyme Subuni t Subunit Subunits per
0issemb 1 y Mr complex
E. coli PDC
Pyruvate dehydrogenase 2 96,000 24 '
Trar.sacetylase 24 70,000 24
Lipoamide dehydrogenase 2 56,000 12
E, co li OGDC
2-oxoglutarate dehydrogenase 2 95,000 12
Transsuccinylase 24 42,000 24
Lipoamide dehydrogenase 9 56,000 12
Mammalian PDC
Pyruvate dehydrogenase (a) 2 41,000 40
Pyruvate dehydrogenase (£) 2 36,000 40
Transacetylase 60 52,000 60
Lipoamide dehydrogenase ot . 55,000 10
Kinase i 50,000 0•J
Phoshatase I 100,000 c*J
Mammalian OSDC
2-oxoglutarate dehydrogenase >L 95,000 12
. Transsuccinylase 0 1 L. H 42,000 24




Figure 1. 4. Quaternary structure of pyruvate dehydrogenase and 2- 
oxoglutarate dehydrogenase complexes.
A. Structure of E. coli pyruvate dehydrogenase, E. coll
2-oxoglutarate dehydrogenase, and mammalian 2-oxoglutarate 
dehydrogenase complexes. The 24 E2 subunits form into a truncated 
cube. The 12 El dimers assemble on the twofold positions (i.e., on 
the edges) of the transacylase cube, and the 6 E3 dimers assemble 
on the fourfold positions (i.e., on the faces).
B. Structure of mammalian pyruvate dehydrogenase complex. 
The 60 E2 subunits form a pentagonal dodecahedral structure. The 
20 El tetramers are located at the twofold positions (i.e., the 
edges) and the 5 E3 dimers are located at the fivefold positions 
(i.e., the faces). The kinase .and phosphatase subunits bind to the 
transacetylase subunits. 16
proteolytic fragment of E2, has recently been shown to represent a 
distinct polypeptide which contains lipoic acid and which may be 
involved in the transport of acetyl groups within the complex 
(Hodgson et al., 1986).
The structural integration of the different components, which 
mediate the oxidative decarboxylation of pyruvate and 
2-oxoglutarate, increases the overall reaction rates and minimises 
side reactions which might interfere with the intended catalytic 
step (Bates et al., 1977).
The mechanisms by which the two complexes are regulated have 
been investigated and reflect their structural similarity (Reed, 
1974). Both complexes are subject to product inhibition. Thus, 
acetyl CoA and NADH inhibit pyruvate dehydrogenase (Reed, 1969) 
while succinyl CoA and ÏÏADH inhibit 2-oxoglutarate dehydrogenase 
(Garland, 1964). These inhibitory effects are reversed competitively 
by CoA and HAD"’'. The sites of acyl CoA and ITADH inhibition are the 
transacylase and flavoprotein components respectively (Schwartz and 
Reed, 1970; Parker and Veitzmann, 1972).
The two complexes are also subject to feedback inhibition. The 
reactions mediated by the complexes result in the generation of ATP. 
It is, therefore, not suprising that the activity of pyruvate 
dehydrogenase and 2-oxoglutarate dehydrogenase are regulated by the 
phosphorylation state of the nucleotide pool (Atkinson, 1968). In 
this case the energy charge of the cell regulates the activity of 
the El dehydrogenase component of both complexes.
The pyruvate dehydrogenase complex, in eukaryotic organisms, 
is also subject to regulation by covalent modification. The kinase
and phosphatase subunits, mentioned earlier, have been found in a 
wide variety of organisms including S. cerevisiae (Linn et al., 
1969). The regulation by covalent modification is summarised in 
figure 1,5, The two types of regulatory subunits bind to the 
transacetylase component of the complex. The sites of
phosphorylation are three seryl residues in the a chain of the 
pyruvate dehydrogenase component of the complex (Barrera, 1972), 
As shown in figure 1.5 the activity of the kinase and phosphatase 
subunits are themselves regulated by a variety of metabolic 
intermediates and divalent cations (Reed, 1974).
The three different control mechanisms, described above, 
tightly regulate the activity of pyruvate dehydrogenase and 2- 
oxoglutarate dehydrogenase. This reflects the important roles these 
two complexes play in the modulation of metabolic flux through the 
TCA cycle.
Roles for lipoamide dehydrogenase have been demonstrated in 
several other areas of metabolism. In mammalian cells the 
multienzyme complexes that catalyse the oxidative decarboxylation of 
the branched chain 2-oxoacids derived by transamination from 
leucine, valine and isoleucine have been shown to contain lipoamide 
dehydrogenase (Dancis et al., 1972; Goedde and Keller, 1967) so far, 
however, there has been no report of the occurrence of this activity 
in yeast. The reversible oxidative decarboxylation of glycine has 
also been shown to involve lipoamide dehydrogenase in the aerobic 
bacterium Arthrobacter globiformis (Kochi and Kikuchi, 1976), in the 
anaerobe Peptococcus glycinophilus (Robinson et al., 1973) and in 
rat liver mitochondria (Kochi and Kikuchi, 1976). A role for 
lipoamide dehydrogenase has also been postulated for the
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Figure 1. 5. Schematic representation of the covalent modification 
of pyruvate dehydrogenase and its control by various metabolites.
Diagram from Peed, (1974).
rettgeri (Vittenberger, 1964)
1.3 ORGAMISATIOIT OF THE GEMETIC IMFORMATIOIT FOR THE PYRUVATE AID 
2-OXOGLUTARATE DEHYDROGE5TASE COMPLEXES DT E. coli
Genetic analysis in E, coli has revealed that the genes 
encoding the subunits of pyruvate dehydrogenase and 2-oxoglutarate 
dehydrogenase exist as two polycistronic operons (Guest and Rice, 
1984; Spencer and Guest, 1985). The ace operon contains the E and F 
genes which encode the El and E2 components, respectively, of the 
pyruvate dehydrogenase complex, A third gene, Ipd, which is linked 
to the ace operon but which can operate under its own promoter 
encodes lipoamide dehydrogenase. The sue operon contains the A, B, 
C and D genes which encode the El and E2 components of the 
2-oxoglutarate dehydrogenase complex and the 8 and a components of 
the succinyl-CoA synthetase complex respectively (Miles and Guest,
1987). Figure 1.6 summarises the transcripts of the sue, ace and 
lpd genes. SI nuclease mapping of the sue, ace and Ipd transcripts 
has revealed that most of the E3 components supplying the pyruvate 
dehydrogenase complex are synthesised from an aceEF-lpd read 
through transcript (Spencer and Guest, 1985). Additional aceEF 
transcripts, terminating after the aceF gene, provide a 
transcriptional basis for the observed stoichiometric excess of the 
El and E2 components, relative to E3, in the assembled pyruvate 
dehydrogenase complex.
Analysis of the relative enzyme activities of pyruvate 
dehydrogenase and 2-oxoglutarate dehydrogenase show that in E. coli
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Figure 1. 6. Summary of the transcripts of the E. call sue, ace and 
lpd genes.
The coding regions are shown as open boxes and regions of 
potential secondary structure associated with putative promoters, 
terminators and REF's (repeated extragenic palindromes) are shown 
as stem loops. Transcripts synthesised co-ordinately with the 2- 
oxoglutarate dehydrogenase complex are shown as hatched arrows and 
those synthesised during expression of the pyruvate dehydrogenase 
complex as black arrows. Diagram from Kiles and Guest, (1987).
sources (Guest and Creaghan, 1973). The organisation of the 
transcripts for the two complexes provides a mechanism which allows 
the cell to co-ordinate synthesis of the different multienzyme 
components in response to growth conditions. Growth on pyruvate, 
which stimulates pyruvate dehydrogenase activity, results in 
elevated levels of aceEF and aceEF-lpd transcripts while growth on 
acetate, which supresses pyruvate dehydrogenase activity, results in 
increased levels of sucABCD and Ipd transcripts. Thus, the 
biosynthesis of lipoamide dehydrogenase can be co-ordinated with 
that of the other components of the two multienzyme complexes.
The absence of polycistronic opérons in eukaryotic organisms 
dictates that the regulation of expression of the genes encoding the 
pyruvate dehydrogenase and 2-oxoglutarate dehydrogenase subunits 
will be significantly different from the situation in E. coli.
1.4 VORK LEADISG TO AS ISVESTIGATIOS OF THE GESE ESCODISG 
L IPO AM IDE DEHYDROGESASE IS Sacchartmyces cerevisiae
The investigation of the regulation of the gene encoding 
lipoamide dehydrogenase Saccharcmyces cerevisiae stems, originally, 
from observations made during the analysis of the early events 
involved in the switch from vegetative growth by mitosis to meiotic 
growth during the initiation of sporulation. Mutants derepressed 
for sporulation were apparently affected in mitochondrial function 
(Vezinhet et al., 1979) Analysis of acetate metabolism using 
13C M R  spectroscopy showed that one of the early events in 
sporulation was a reduction in activity of the TCA cycle and an
increase in the conversion of acetate to glutamate (Dickinson et al., 
1983), Derepressed sporulation mutants were shown to accumulate, 
during vegetative growth, levels of glutamate typical of sporulating 
cells (Dickinson et al., 1985). 2-oxoglutarate dehydrogenase and 
succinyl CoA synthetase represent potential control points, for this 
switch, as they are involved in the TCA cycle but not the glyoxylate 
cycle. Analysis of 2-oxoglutarate dehydrogenase activities in wild 
type and sporulation derepressed mutants revealed distinct 
differences between the two (Dickinson et al., 1985).
On the basis of the above results, mutants lacking 2-oxoglutarate
dehydrogenase activity were isolated using the observation that a
mutant lacking this activity could grow weakly on ethanol but not 
on glycerol (Subik, 1972).
A mutant lacking 2-oxoglutarate dehydrogenase activity but 
which also lacked pyruvate dehydrogenase and lipoamide 
dehydrogenase activity was isolated (Dickinson et al., 1986). It
was, therefore, likely that the mutation represented a lesion in a 
gene involved in the biosynthesis of lipoamide dehydrogenase. The
mutant, designated Ipdl, may have affected the synthesis of an 
essential cofactor of lipoamide dehydrogenase rather than the 
structural gene for the enzyme. This was unlikely since haploids 
carrying the Ipdl mutation did not respond to exogenous lipoamide 
or FIJ, Succinate-cytochrome C oxidoreductase activity was also 
relatively unaffected in the mutant ruling out the possibility of a 
requirement for flavin prosthetic groups.
The lpdl mutant was used to screen a yeast gene bank, based on 
the multicopy vector YEpl3, for sequences which complemented the 
lesion. A number of sequences were isolated which all contained a
renamed LPD) Transformed cells carrying the plasmid pGPl, a 
derivative of YEpl3 with a 5.5 kb yeast fragment insert, containing 
the LFD gene, produced ten times the wild type level of lipoamide 
dehydrogenase. From these results it was suggested that the LFD
gene encoded either the structural gene for lipoamide dehydrogenase 
or a gene product that regulates the synthesis of this enzyme,
Two pieces of evidence supported the idea that LFD was
indeed the structural gene for lipoamide dehydrogenase. Firstly, the 
lpdl mutation was recessive so if the LFD gene did have a
regulatory function it must be acting in a positive way. Secondly,
diploids heterozygous for the Ipdl mutation had approximately half 
the level of lipoamide dehydrogenase, found in the wild type 
diploid, but the normal amount of fumarase and NAD^-linked 
isocitrate dehydrogenase (Dickinson et al., 1986). Such a gene 
dosage effect, while consistent with LFD encoding the structural 
gene for lipoamide dehydrogenase, can not easily be reconciled with 
the concept of a positive regulatory function.
The LPD sequence was integrated into the yeast genome and 
shown to represent the gene in which the initial lpd mutation had 
been made (Roy and Dawes, 1987). Transcript analysis of the LFD 
gene, during growth on different carbon sources, also revealed that 
the gene was subject to catabolite repression. This was expected if 
LPD represents the structural gene for lipoamide dehydrogenase since 
the enzyme was known to be subject to this form of regulation from 
enzyme activity measurements and from the use of E3 antibodies to 
monitor the levels of the enzyme during the switch from fermentable 
to non-fermentable carbon sources (Roy and Dawes, 1987).
An investigation of the regulatory mechanisms involved in 
controlling the rate of expression of the LPD gene is of interest 
for several reasons. The gene encodes an enzyme which is a
component of two multienzyme complexes which play key roles in the 
functioning and regulation of the TCA cycle. As discussed earlier, 
there is still very little known about the regulation of the genes 
which encode enzymes involved in this cycle. The role of lipoamide 
dehydrogenase in two separate complexes also raises questions 
concerning the mechanism for the co-ordinated biosynthesis of the 
E3 subunit with those of the El and E2 subunits of the pyruvate 
dehydrogenase and 2-oxoglutarate dehydrogenase multienzyme 
complexes.
Lipoamide dehydrogenase is encoded in the nucleus, synthesised 
in the cytoplasm and functions in the mitochondrial matrix/inner 
membrane space. The mechanism of targeting of the enzyme to its 
correct subcellular location is therefore also of interest.
The LPD gene has been shown to be subject to catabolite
repression (Soy and Dawes, 1987). Analysis of the regulation of
this gene represents an opportunity to investigate this control 
network which remains poorly understood in yeast (Entian, 1986),
Finally, regulation of the LPD gene may have a role in the
regulation of 2-oxoglutarate dehydrogenase during the initiation of 
sporulation.
In order to determine the exact nature of LPD the first aim of
this work was to sequence the gene. This would clearly establish
whether or not LPD was the structural gene for lipoamide
dehydrogenase. A comparison of the primary structure of E. cali
lipoamide dehydrogenase, derived from the DSA sequence of the lpd
gene (Stephens et al., 1983), with pig heart lipoamide dehydrogenase 
amino acid sequences, obtained from tryptic peptides (Williams et 
al., 1982), revealed that a high level of homology exists between the 
two. This is in agreement with the reported low immunogenicity of 
the E3 component suggesting that the enzyme has been highly 
conserved throughout the course of evolution (De Marcucci, 1985).
The amino acid sequence deduced from the LFD gene should exhibit a 
high degree of homology with the two established lipoamide 
dehydrogenase primary sequences if the gene is indeed the structural 
gene for lipoamide dehydrogenase in yeast.
Sequencing the 5' non-coding region of the LPD gene represented 
another important abjective of this work. This region should 
contain most of the regulatory elements of the gene and would
therefore represent the sequence of greatest interest in the
examination of the elements involved in modulating the expression of 
the gene. A search for sites of homology between this region and 
sequences identified as important regulatory sites within other
yeast genes would also be possible once the DNA sequence was 
determined. The relevance of such a search has became increasingly 
important as more regulatory consensus sequences have been
identified and the presence of common regulatory elements in a wide 
range of genes has been demonstrated.
An investigation of the elements involved in the regulation of 
the LPD gene, using the range of techniques recently developed in 
the study of other genetic regulatory elements, represented the next 
logical step in this work. Gel retardation and DU A footprinting
techniques are now established in the study of DNA/protein
interactions involved in the regulation of gene expression (Fried
Both techniques should help determine the location of regulatory 
elements within the LFD gene. The identification of specific cis- 
acting elements in the upstream region of the LFD gene should also 
provide some direction in the choice of conditions used to examine 
the level of LFD expression.
CHAPTER 2 MATERIALS ABT) METHODS
2.1 STRADJS ABD PLASMIDS
2.1.1 Yeast Strains
The strains of Saccharomyces cerevisiae used are listed below:
Table 2.1: S. cerevisiae strains used 
STRAIN GENOTYPE
D273-10B ATCC 24657 MATcx wild type 
DC5 MATa his3 leu2~3 leu2~13 canl-11
2.1.2 Bacterial Strains
The strains of Escherichia coli used are listed below:
Table 2.1; E. coli strains used 
STRAIN GENOTYPE
HB101 F- recA13 hsdS20 aral4 proA2 lacYl galK2
rpsh20 xyll5 mtl-1 supE44 (Sm’~)
MM294 pro- endoA- thi~ hsdE- hsdX G. A. Reid
JM101 A(lac-pro) supE thi/F' traD36 proAB laclq P. Fantes
ZAM15
SOURCE 
I. V . Dawes
SOURCE 
G. A. Reid 
I. V. Dawes
2.1.3 Cloning vectors
The integration vector pGP-Rl, a derivative of the YEP13 based 
vector pGPl (Roy and Dawes, 1987), was used to isolate the 3,7 kb 
fragment for shotgun cloning into M13 sequencing vectors (Messing, 
1983), pGPl and pGP-Rl are shown in figure 2.1. The expression 
vector pSP64-GCN4 (Hope and Struhl, 1985), shown in figure 2.2, 
used for in vitro transcription/translation of GCN4 protein, was 
obtained from I. Hope and K. Struhl, A 1.4 kb Sall/Kpnl fragment of 
the LPD gene was ligated into the polylinker of pUC18 producing the 
vector pID3 (unpublished results). This plasmid was used in the 
isolation of DNA fragments required for gel retardation and DNasel 
footprinting experiments. pID3 is shown in figure 2.3.
B
Figure 2. 1. Plasmids pGPl and pGP-Rl.
I B  , Insert DKA; E33» yeast LEU2 and 2 pm vector sequences;
I 1, sequences from the bacterial plasmid pBR322. Restriction




Figure 2. 2. pSP64-GCF4
Location and direction .of the GCN4 and ampicillin resistance 
genes is shown. SP: SP6 promoter.
4000 4100
Figure 2. 3. pID3
Location and direction of the ampicillin resistance gene is 
shown. This plasmid w as derived by insertion of the Kpnl/Xhal 
fragment of the LFD gene into the polylinker region of pUC18, S H , 
Insert DNA containing the upstream region and 188 bp of the coding 
region of the LFD gene. Restriction sites are: Kpnl GO; Sail (S); 
Sstll (St); Jbal (X).
2.2 CULTURE CONDITIONS AND GROWTH MEDIA
2,2.1 Cultivation of E. coli
Strains of E, coli were routinely maintained on LB-agar plates 
(with antibiotic supplementation for maintenance of plasmids), and 
subcultured every 2-3 weeks. Permanent stocks were made as 20% 
(v/v) glycerol cultures using stationary phase liquid cultures, 
stored at -70°C. Cultures were grown at 37°C with shaking at 180 
rev min-1 on an orbital shaker.
Media used are listed below, Amounts given are per litre: 
LB-Medium: Bactotryptone 10 g; NaCl 5 g; Yeast Extract 5 g.
M9 salts (lOx): Na2HP04 60 g; KHsPO*. 30 g; NaCl 5 g; NHaCI 10 g.
X9 Medium: lOx M9 salts 100 ml; H*0 887 ml. The M9 salts solution 
was autoclaved and allowed to cool before the following were added: 
1M MgSOd 2 ml; 1M glucose 10 ml; 1% thiamine 1 ml. These three 
solutions were sterilized separately by filtration (thiamine) or 
autoclaving.
Media containing agar for plates was made according to the 
appropriate formula for liquid media with the addition of 20 g I-1 
Oxoid No 3 agar. After coaling to 55°C the vitamin or antibiotic 
supplements were added and the plates poured.
2x YT Top Agar. Per litre: Bactotryptone 8 g, Yeast Extract 5 g, 
NaCl 5 g, Oxoid No 3 agar 7 g.
Antibiotics. For the selection and maintenance of ampicillin 
resistant transformants media were supplemented with 50 pg ml~l 
ampicillin,
2,2.2 Cultivation of Saccharomyces cerevisiae.
Yeast strains were maintained on YEPD plates at 4°C. 
Permanent stocks were made by suspending stationary phase liquid 
cultures in 20% (v/v) glycerol and stored frozen at -70°C. Cultures 
were grown at 30°C and 180 rev min-1 (usually as 500 ml cultures in 
2 1 Erlenmeyer flasks) on an orbital shaker.
Media used are listed below. Amounts given are per litre:
SD Minimal Medium: yeast nitrogen base (w/o amino acids & ammonium 
sulphate) 1,7 g; D-glucose 20 g; ammonium sulphate 5 g; agar 15 g 
(for solid media). 3-amino-l ,2,4-triazole (3AT) was added to a 
final concentration of 10 mM to induce the general amino acid 
response.
YEPD Medium: D-glucose 20 g; peptone 20 g; yeast extract 10 g; agar 
20 g (for solid media).
YEPG Medium: Glycerol 30 ml; peptone 20 g; yeast extract 10 g.
2.3 TRANSFORMATION OF E. coli
E. coli strains were made competent according to the method of 
Dagert and Ehrlich (1979), and stared at -70°C. Competent cells 
were transformed as described by Messing (1983).
2.4 DMA ISOLATION AND PURIFICATION
Small-scale preparations of plasmid DNA from E. coli were 
obtained using the alkaline SDS method of Birnboim à Daly, (1975). 
Large scale preparations were obtained in the same manner followed 
by centrifugation in CsCl-ethidium bromide gradients (Maniatis et 
al., 1982).
DNA concentrations were estimated from the absorbance of the 
solution at 256 nm. Calculations were based on an OD̂ ss, = 1 being 
equivalent to 50 pg ml-1 .
2.5 GENERAL RECOMBINANT DNA TECHNIQUES
2.5.1 Restriction Digests of DNA
Restriction enzymes were used as recommended by the supplier 
(B. R. L., N, B. L. and Boehringer).
2.5.2 Ligation of DNA
Ligation was carried out using T4 DNA ligase following the 
protocol of Maniatis et al. (1982).
2.5.3 Agarose Gel Electrophoresis
DIT A fragments were separated by horizontal, gel electrophoresis 
using the Tris/borate buffer system described in Maniatis et al. 
(1982).
2.5.4 Electro-elution of DNA
Digested fragments of DMA were recovered from agarose gels by 
electroelution onto dialysis membrane (Smith, 1980), or using a 
biotrap chamber according to the manufacturer's instructions 
(Schleicher & Schuell).
2.5.5 Radio-active labelling of DÏA
DMA fragments were labelled with Ca-3-P]dATP or [a-3*PMCTP 
(Amersham) either by nick translation using the BRL kit, 
end-labelling as decribed by Maniatis et al. (1982), or by oligo- 
primed labelling using the method of Feinberg & Vogelstein (1984).
2.6 CLOÏÏHTG IÏTO THE 1C13-BASED VECTOR
Shotgun cloning into M13~based vectors was carried out 
according to Messing, (1983). Transfection of E. coll JM101 was 
performed according to Vinter & Fields (1980).
36
2.7 NUCLEOTIDE SEQUENCE ANALYSIS
Single-stranded M13 DNA templates were prepared and sequenced 
by the dideoxy chain termination method using a 17-nucleotide 
synthetic primer (Sanger et al., 1977). Two 15-nucleotide synthetic 
primers, based on information obtained from the LFD sequence, were 
also used. The nucleotide sequence was compiled and analysed using 
the University of Wisconsin Genetics Computer Group programmes 
(Devereux et al., 1984).
2.8 METHODS FOR ANALYSIS OF RNA
2.8.1 Isolation of RNA from Saccharomyces cerevisiae
Total yeast cellular RNA was prepared by the method of Weir- 
Thompson Si Dawes (1984).
PolyA^-RNA was isolated according to Roy and Dawes (1987),
2.8.2 Gel Electrophoresis of RNA
RNA fractions were denatured with formaldehyde then separated 
by electrophoresis through 17, agarose gels containing 2.2 M 
formaldehyde as described by Maniatis et al. (1982),
2.8.3 Northern Hybridisation
Following electrophoresis, the SNA was treated with alkali and 
neutralised according to Maniatis et al. (1982). The RNA fractions 
were transfered to nylon filters (Amersham). The nylon filters were 
fixed by UV-irradiation and hybridised with labelled DNA probes 
following the protocol of the supplier. The hybridisation filters 
were exposed to Agfa-Gevaert, Curix RP1 X-ray film at -70°C with 
intensifying screens. Films were developed using Kodak LX-24 and 
fixed with Kodak FX-40.
2.8.4 Slat blots
RNA was concentrated onto nylon filters essentially according 
to the method of Tltsty (1982). 15 pi 20 x SSC and 10 pi 37% (w/v)
formaldehyde were added to 5 pg polyA'^-RNA and made up to a final 
volume of 50 pi. Samples were denatured by incubating them at 60“C 
for 15 min, 25 pi were transfered to nylon using BRL's 'Hybri-slot' 
apparatus. Filters were then treated as described above (2.8.3), 
Densitometry was performed by scanning autoradiographs using 
Shimadzu Dual-Vavelength Chromato Scanner CS-930 apparatus.
2.9 IN VITRO TRANSCRIPTION AND TRANSLATION
The expression vector pSP64-GCN4 was purified by equilibrium 
centrifugation in CsCl, linearized with FcaRI and transcribed using 
the method of Krieg and Melton (1984). 0.5 pg of linearised pSP64-
GCN4 was transcribed in 40 mM Tris, pH 7.5, 6 mM MgCl^, 10 mM
dithiothreitol, RFAsin (1 unit/pl), 100 pg/ml BSA, 500 pM of each 
rNTP (except GTP which was added to give a final concentration of 
50 pM) and 500 pM diguanosine triphosphate (G-5'ppp5'-G). 1 unit of
SP6 RNA polymerase was added and the final volume made up to 10 pi 
with distilled water. The transcription mix was then incubated at 
40 °C for 10 minutes after which GTP was added to 500 pM and the 
mix incubated for a further 50 minutes at 40 °C. Such a reaction 
usually generated roughly 1 pg of total RNA, as estimated using
agarose gel electrophoresis as used for analysis of DNA. The RNA 
was extracted with phenol and precipitated with ethanol.
In vitro translation was carried out using a wheat germ
extract as directed by the manufacturers (Bethesda Research
Laboratories). Approximately 100 ng of in vitro synthesised mRNA 
was added to a final volume of 30 pi containing potassium acetate, 
pH 7.5, 33 mM, magnesium acetate 0,6 mM, 16 pCi 3BS-methionine, 10 
pi nuclease treated wheat germ extract and 3 pi of a reaction 
mixture containing all of the amino acids with the exception of 
methionine. Translation products were examined by electrophoresis 
in a 15 % polyacrylamide gel (30 parts acrylamide: 0.8 parts
bisacrylamide) containing SDS as described by Laemmli (1970).
After electrophoresis the gel was fixed and autoradiographed.
2.10 ISOLATION OF DBTA-BINDING ACTIVITY
DNA-binding proteins were isolated from Saccharamyces 
cerevisiae using a scaled down version of the method of Ruet et al, 
(1984). Yeast cells were grown in 10 1 of YEPG and collected in the 
exponential phase of growth by centrifugation at 2000 x g, The 
harvested cells were washed in 1 pellet volume of ice cold buffer C 
(200 mM Tris-HCl pH 8; 10 mM MgCls: 6H20; 10 mM 2-mercaptoethanol; 
1 mM Na^EDTA; 1 mM PMSF; 10 % v/v glycerol) containing 0.3 M 
(IHLiJjiSCLi, The usual yield was approximately 25 g wet weight. The 
cell pellet was resuspended in buffer C, containing 0.3 M (NH^IaSOd, 
at 2 g ml-1 and transfered to a Braun homogeniser breakage vial on 
ice. Acid washed 40-mesh glass beads were added until the liquid 
level above the beads was 5 mm and immediately before breakage 
PMSF was added to a final concentration of 1 mM. Cells were broken 
by agitation in a Braun Homogeniser (3 x 1 min bursts with 5 min 
periods of cooling between). Glass beads were removed by low speed 
centrifugation (2000 x g, 2 min) through a stainless steel mesh 
screen. The yeast extract was centrifuged at 40,000 g for 1 hr at 
4°C. The supernatant was removed with a Pasteur pipette taking 
care to avoid the overlying lipid layer and the soft upper region of 
the pellet. The supernatant was diluted with an equal volume of 
column buffer (20 mM Tris-HCl pH 8; 1 mM Na^EDTA; 10 mM 2-
mercaptoethanol, pH 8.0) and applied to a 50 ml heparin-Sepharose 
column equilibrated with column buffer containing 0.1 mM (UTD^SCU 
at a flow rate of 1 ml min-1 . The column was washed with column 
buffer containing 0.1 M (NH.i);.-SCU until unbound protein had eluted. 
Protein fractions (4 ml) were eluted by a 200 ml salt gradient from
40
0.1 to 0.75 M GTILi)ssSCU and were dialysed against storage buffer 
(20 mM Tris-HCl pH 8; 50 mM KC1; 1 mM dithiothreitol; 0.2 mM EDTA; 
10 % v/v glycerol) overnight at 0 - 4°C and then stored at -70°C in 
small aliquots. The protein concentration of the fractions was 
measured using the Biorad assay according to the manufacturer's 
instructions.
2.11 ANALYSIS OF PKOTEIN-DNA COMPLEXES BY GEL RETARDATION
2.11.1 Gel retardation using radio-labelled GCM4
The DNA-binding assay used to investigate the complexes farmed 
between radio-labelled GCN4 and DNA fragments from the LFD gene was 
based upon the procedures described by Garner and Revzin (1981) and 
Fried and Crothers (1981). Binding was carried out in 15 pi of 20 
mM Tris (pH 7.4), 50 mM KC1, 3 mM MgCla, 1 mM EDTA, 100 pg ml-’ 
gelatin, and 50 pg ml-1 sonicated salmon sperm DNA (binding 
buffer). The DNA to be bound was included to a final concentration 
of approximately 10 nM. Translation products (0.5 pi) from the in 
vitro translation of GCN4 were added without further purification 
and the mixture incubated for 20 min at 25°C. 5 pi of loading
buffer (binding buffer containing 20 % glycerol, 1 mg ml“1 xylene 
cyanol FF, and 1 mg ml"'1 bromophenol blue) was added to the 
reaction mix. The samples were then immediately loaded on to a 5% 
polyacrylamide gel (30 parts acrylamide: 0.8 parts bisacrylamide) 
and electrophoresed in 90 mM Tris-Borate buffer (pH 8.3), which was 
recirculated, at 400 volts until the samples entered the gel and 
then at 175 volts until the bromophenol blue had migrated the
length of the gel (20 cm). Gels were run at 4°C. The gel was then 
fixed and autoradiographed.
2.11.2 Gel retardation using radio-labelled DNA
The DNA-binding activity of protein fractions was assayed 
using a method based upon that described by Huet et al. (1985), 
with modifications. Typically, 10 - 20 ng of end-labelled DNA was 
added to 10 pg of poly (dl) ;poly (dC) or 10 pg of DNA from a pBR322 
plasmid containing an insert of Deinococcus radiodurans DNA (gift of 
Ian Masters Department of Microbiology, University of Edinburgh) and
made up to 100 pi with TE buffer (10 mM Tris HC1 pH 8.0, 1 mM
NaaEDTA). The solution of labelled and carrier DNA was then 
extracted once with 100 pi CHCla and then ethanol precipitated. The 
precipitated DNA was collected by centrifugation in a benchtop 
microcentrifuge for 20 minutes at 4°C. The supernatant was removed 
and the pellet dried in vacuo. The DNA pellet was dissolved in 85.8 
pi distilled water and then 26 pi 10X footprint buffer (0.2 M 
TrisHCl, pH 8.0, 0.7 M KC1, 50 mM MgCls, 5 mM CaCl*, 5 mM
dithiothreitol, 1 mM Na^EDTA) and 18.2 pi glycerol were added and 
mixed thoroughly. For a 20 sample assay 6 pi of the above
'2X footprint mix' was incubated with varying amounts of heparin- 
Sepharose fractions (usually 0.3 to 0.6 pg of protein) and distilled 
water to make the volume up to 12 pi which was incubated at 25°C 
for 20 minutes and then loaded immediately on to a 5% (w/v)
polyacrylamide gel. Electrophoresis was carried out at 400 volts 
until the samples had entered the gel and then at 250 volts at 4°C 
with buffer circulation. Loading buffer (20% w/v glycerol, 1 mg 
ml“1 xylene cyanol FF, 1 mg ml“1 bromophenol blue) was normally
added to lanes 1 and 20. The time the gel was run for depended 
upon the size of the radiolabelled DNA fragments used. Fragments of 
50 bp migrated at approximately the same rate as the bromophenol 
blue dye and those of 450 bp with the xylene cyanol dye. Following 
electropheresis the gels were dried and autoradiographed at -70°C
using intensifying screens.
The 23 nucleotide oligonucleotide used in the competition
experiments was obtained from the OSWEL DNA synthesis service and
annealed and ligated based on the method of Kadonaga & Tjian 
(1986), 440 pg of the 23mer was dissolved in 67 mM TrisHCl buffer
(pH 7.6) containing 13 mM MgCla, 6,7 mM dithiothreitol, 1.3 mM 
spermidine and 1,3 mM EDTA in a total volume of 75 pi. This 
mixture was incubated at 88'='C for 2 min, 65°C for 10 min, 37°C for 
10 min and room temperature for 5 min. Annealed oligonucleotides 
were observed by agarose gel electrophoresis and compared with 
single stranded oligonucleotides prepared by placing the original 
untreated oligonucleotide in a boiling water bath prior to loading
on the agarose gel. It was noted that the majority of the 
oligonucleotide received from the OSWEL DNA synthesis service was 
in the double stranded form. For ligation the annealed 
oligonucleotide was precipitated with ethanol, dried in vacuo and 
then dissolved in 88 mM TrisHCl, pH 7.5 containing 13.3 mM MgCliz-, 
20 mM dithiothreitol and 1.3 mM spermidine in a total volume of 75
pi and the ligation reaction was initiated by the addition of 20 pi
of 20 mM ATP, pH 7 and 5 pi of T4 DNA ligase (10-30 Weiss units)
to give a final volume of 100 pi. This mixture was incubated at
16°C for 4 hr and the DNA then phenol-extracted, precipitated with
ethanol, dried in vacuo and dissolved in 100 pi water, Ligation of 
the annealed oligonucleotide was observed as a smear of DNA which 
migrated slower than the unligated annealed oligonucleotide during 
agarose gel electrophoresis,
2.12 DNase I FOOTPRINT ANALYSIS
The DNase I footprinting technique used was based upon those 
described by Galas and Schmitz (1978) and Hope 8t Struhl, (1985). A 
172 bp jYaelll/Sstll fragment isolated from the upstream region of 
the LPD gene was end-labelled to produce an asymmetrically labelled 
fragment. Approximately 1 ng of this labelled DNA fragment was 
dissolved in 15 pi binding buffer (20 mM Tris, pH 7.4, 50 mM KC1, 3 
mM MgClo, 1 mM EDTA, 100 pg ml-1 gelatin, and 50 pg ml“1 sonicated 
salmon sperm DNA), combined with various quantities of the GCN4 
translation product (without further purification) and made up to 20 
pi with distilled water. After equilibration for 20 min at 25°C, 5 
pi of DNase I (20TJ pi“1 ) (Pharmacia) was added. DNase I digestion 
was terminated after 1 min at 25°C by the addition of 25 pi of 0.5% 
SDS, 10 mM EDTA, 0.5 mg ml-1 E. coli tRNA. The DNA was extracted 
with phenol, precipitated with ethanol, redissolved in 80% formamide, 
and analyzed as described for DNA sequencing. To relate the 
observed bands with positions of DNase I cleavage a dideoxy 
sequencing ladder was run alongside the cleavage products.
CHAPTER 3 SEQUENCE ANALYSIS OF THE LPD GEHE
3.1 ITUCLEOTIDE SEQUENCE OF THE LPD GEJE
The strategy adopted for sequencing the LFD gene was based 
upon the consistent presence of a 3.7 kb Xhol fragment within 12 
independently isolated cloned sequences, which complemented the lpdl 
mutation (Dickinson et al., 1986). In addition, deletion analysis of 
pGPl, a YEpl3-based plasmid containing a 5.5 kb insert carrying the 
LPD gene, confirmed this 3.7 kb region contained the LPD gene (Roy 
and Dawes, 1987). The Xhol fragment was isolated from pGP-Rl, a 
derivative of pGPl containing no yeast DMA except the 5.5 kb insert. 
A region of 2.7 kb was sequenced (Ross et al., 1988). All of the 
sequence was obtained from at least two independent clones and was, 
with the exception of a 0.1 kb region 0,8 kb upstream of the coding 
region, derived from both DMA strands. A summary of the sequence 
data obtained is shown in figure 3.1.
The programme MAP was used to identify the region representing 
the LPD gene. One large open reading frame of 1.5 kb was found, 
which is consistent with the known size of the yeast lipoamide 
dehydrogenase subunit polypeptide. The open reading frame exhibits 
a significantly high score with respect to prefered codon usage in 
S. cerevisiae determined using the programmes CODOMFREQTJEHCY and 
CODONPREFEREICE. This is shown in figure 3.2. The complete and 
unambiguous sequence of the LPD gene and the primary structure of 
lipoamide dehydrogenase, translated from the DMA sequence, are shown 
in figure 3.3,
The nucleotide sequence for the gene encoding lipoamide 
dehydrogenase in S. cerevisiae has recently been reported separately
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Figure 3. 1. Restriction map of the LPD gene and summary of the 
sequence information obtained
Restriction sites are indicated for enzymes recognising 6 bp 
sequences (X, Xhol\ S, Sail; Xb, ifbal; St, Sstll; K, KpnI; E, Sco^V; 
P, PvuII; C, Cial). The cross hatched region indicates the coding 
sequence of the gene. The direction of transcription is from left 
to right. The arrows show the position and extent of D M  sequence 
obtained from the K13 clones. The enzyme used to digest the 3.7 tb 
fragment to obtain each group of K13 clones is indicated at the 
side of the arrows. The sequence is fully overlapping and most of 
it was obtained from both DRA strands.
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Figure 3. 2. Codon preference plot of the 2.7 kb sequenced region.
The codon preference plots of the three forward frames of the
2.7 kb region of DU A sequenced are shown. The programme 
CODOÎIFREQUEÎTCY was used to construct a codon usage table based 
upon several highly expressed S. cerevisiae genes. The table was 
then used to search for regions showing a codon utilization bias 
towards a particular family of codons using the programme 
C0DQÎTPREFERE17CE. The broken line at 0.45 is the threshold above 
which the codon usage is regarded as significantly biased. The open 
bars below the plot represent open reading frames, The vertical
lines, below the open reading frame markers, indicate rare codons.
The 1.5 kb LFD open reading frame can be seen in frame A and
corresponds with a biased codon usage and a reduction in the
frequency of rare codons,
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GCAACCTC7TGA7TCa TCAATTCGTAACTATCGGCT:TCACTACGGTTCTTATa a CATTAI?TTACATTCCCATGACAAAAATC7CAAATTCTATCAAAA
-1000--+ ----------+ ---------- T ---------- ----------- +---------- ------------►--------------------- +---------- ♦------------  -901
A7C7CCGT77AGCAACCCAGGCG7CGAAATCCAAAT7ACAAAA7AC7A77CCTC7A7AC7ACA7ACACCICCACA7A7ATA7A7A7A7ATA7AATTTTA7
-900 T----------f---------- + ---------- +---------- + -----------►---------- + ---------- +---------- +---------- +------------  -801
A7CCCA7C7ACa CCC7C7ACCCA7ATTA7CCAC77GCCCC7AATCACCC7C7GCAAGCC7AGCTCG7CCTTA77CCCACCGTCTTCACCATTTATCTCCA 
-800 - - - - - i - - - - - - -  - 701
77GCATCATCAAGAACGACC7I7AAGAAAATA7CGTAGCCTCGCAAAA77CC7CCCACTTTCCTAGATCCATTTA7A77CAGCAATATC7TCTTG7CCA7
-700---  + ---------- +•---------- +---- ----- +---------- + ----------------   +----------- ------------------------+ -+ - -601
A7A7T7CTTCAC77CACGCGTACAAACCAr7CTATCTC7CCGTC7C7TTCCC7AA7CCTC7CCTA7CCCCGA7ACTCTATA7CCCTTCTACTTTC7TATA
-600 +■-------- +---------+-—t   -------- +---------+— -- — --- - - i--------- +----------------    -501
CA7TCA77CCCACC777ACACATX7AA7rr77CT7ACCACArTC7TTCTATCACCACAAACC7GAAACAGCG7ACCCACGCTATAGGAAAAAACGCAAAT
-500  i----- + ---------— +•--------- ----------- +---------- H  ---- + ----- ----+ ----------+------------  -401
CAAGa ACAGACGAATATCCAACAATGCCACTCACAAACGTATCCCTGACTACCACGAAIAGTCATCATCCAATCTACCCTCATAXATCCCACTAAAAATA
-400 +■--------------------- +-—  ---- — <---------- 1 --------- — ---------- +— — ----- H---------------------- +•— -------   -301
TAlACTTACTAATGCTTTATGCACCTCAATATCACGTGAAffCCTTTTTAATCAfCACTCGTTTTTACAAIACTTIATCATCTCCAACCGCTGTXCCCTCA
-300 +----------«■---------- f---------- T----------+•—  ------------------- *------   — -— t-----------+ ---------- +----------   -201
T7GCCGACAAG7CTCCCCGCAGCAACTTAAXCCAAAC7TAC7G7AXIA7AArGC7AAlAAACAATTTGATGA7AArrCG7ACCCTTTCACTCACGTCCAA
-200  -----------+ ----------- f ------------ •i--------- -+------------+ ----------- — ♦---- — — - + ----------- +■------------+ ----------  -101
7AXAXA7AGA7A7A7AXA7ACATA7AACC7ATArrTATATATATACCC7TT7G7TCCAnG7CTC?GTCG7ACCAXCAAAGAACATAC7AACAGT7CACA
-100 t  ------    + ---------------------- ----------- K—— -—  ---------— f--------- ----------- +— ---------- -i
Met Leu Arg Ile Arg Ser Leu Leu Aan Ain Lya Arg Al* Phe Ser Ser Thr V*L Arg Xhr Leu Thr Ile A*n Lya
AXG XlA AGA AIC ACA ICA CIC CIA AAT AAX AAC CCI CCC ITT TOC ICC ACA CIC ACO ACA ITC ACC AIT AAC AAG
0 ---— - —  -i--------- —  - - + ------------- t—  — ----- 1 - ----------- + --------------+---------------+-------  74
Ser Hla Aap V*1 Val Ile Ile Cly Cly Cly Pro AL* Cly Xyr Val Al* Al* II« Lya Al* Al* Cln Lau Cly Ph«
ICA CAI CAI CIA CTC AIC AIC CCI GGT CCC CCT GCI CCI TAC CTG CCI CCI ATC AAA CCI CCI CAA TTC GGA TIT
75  + — ---------+ +- — - —  - t  —  *1   t  —  —  --- 149
Aan Ihr Al* Cya Val Glu Lya Arg Gly Ly* Leu Gly Cly Thr Cya Leu Aan V*L Cly Cya II« Pro S«r Lya Al*
AAC ACT CCA ICI CIA CAA AAA ACA CCC AAA TIA CGC CGI ACC TGI CTT AAC CTT GGA TC7 AIC CCC ICC AAA CCA
150 t -  --- + - ---- ---- --- ----- ---- ---- t -  — --- -*•----- ---- - + ---- —  t -  —  - t - ------  224
Leu Leu Asn Asn Ser Hla Lau Phe HL* CLn M«t Hlj Ihr Clu Al* CLn Lys Arg Cly Ile Aap Val Aan Cly Aap
C H  CIA AAI AAT ICI CAT TIA TTC CAC CAA ATC CAI ACC CAA CCC CAA AAC AGA CCT ATI GAC CTC AAC CCT CAT
225  - + ---- — ----- +—  —  - t - ---- —  - + ---- — ---- + - - ----  - t - ----  - t ---- ---------   299
Ile Lya II« Aan Val AL* Aan Ph« Cln Lys Al* Lya Aap Aap Al* Val Lya Gin L«u Thr Cly Cly Ile Clu Leu
AIC AAA ATT AAC GIA GCA AAC TTC CAA AAC CCT AAC CAT CAC CCT CTT AAC CAA TIA ACT GGA CGI ATT CAC CTT
300 + - -   -■*■-  — +    +—   -■*-------- — ^ ------------------------       374
Leu ?h« Lya Lya Aan Lys Val Thr Tyr Tyr Lya Cly Aan Gly Ser Phe Glu Aap Glu Thr Lya Ile Arg V a I Thr
CTC TTC AAC AAA AAT AAC CTC ACC TAT TAT AAA CCI AAT GOT TCA TIC CAA CAC CAA ACC AAC ATC AGA CIA ACT
375  ♦ ..............♦..............-t............ + ........... — .t..............+............ t ................ 449
Pro Val Aap Cly Leu Clu Cly Thr V*1 Lya Clu Aap Hl* II« Leu Aap V*L Lya Aan Ile Ile Val Al* Thr Cly
CCC CTT CAT CGC TTC CAA CCC ACT CTC AAC CAA CAC CAC ATA CIA CAT CTT AAC AAC ATC ATA CTC CCC ACC CCC
*50 +............. + ........... - + ............. ....... ..................... ........... .... +- t- —  324
Ser Clu Val Thr Pro Phe Pro Cly Ile Clu II« Aap Clu Clu Lya Ile V*L Ser Ser Thr Cly Al* Leu Ser Leu
ICI CAA CTT ACA CCC TIC CCC CCT ATT CAA ATA CAT CAC CAA AAA ATI CIC TCT TCA ACA CCI CCT CTT ICC TT A
525 ...... + ..............+------------- t----- -+ —  --- —  + ----------------- —■♦— ..........♦ .......... —  399
Lys Clu II« Pro Lya Arg Leu Thr Ile Ile Cly Cly Cly Ile Ile Cly Leu Clu Met Cly Scr Val Tyr Ser Arg
AAC CAA ATT CCC AAA AGA TIA ACC ATC ATT CGI GCA CG A ATC ATC CCA TTC CAA ATC CCI 7CA CII TAC TCT ACA
600 i--- — ........+ - ----—  — + --- — ----+— ......... - + - ---- ---- —  r ------------- +.......... . - f - ------ 674
Leu Cly Ser Lya Val Thr Val Val Clu Ph« Cln Pro Cln II« Cly Al* S«r Met Aap Cly Clu Val Al* Lya Ala
TIA CGC TCC AAC CTT ACT CTA CIA CAA ITT CAA CCI CAA AIT CGI CCA TCI ATC CAC CGC CAC CTT GCC AAA CCC
675  t ...............+............. r............ + ..............1- ..............+............ + ................ 749
Thr Cln Lya Phe Leu Lya Lya Cln Cly L«u Asp Phe Lya Leu Ser Thr Lya Val lie S«r Ala Lya Arg Aan Aap
ACC CAA AAC TTC TTC AAA AAC CAA CCT TTC CAC TIC AAA TIA ACC ACC AAA CTT ATT TCT CCA AAC ACA AAC CAC
750 +........ +........ — --— + ----------- +........—  -t- —  + —  —  +•—  --- —  — - 824
Asp Lya Aan Val Val Clu II« Val Val Glu Asp Thr Lya Thr Asn Lya Cln Glu Asn L«u Clu Al» Clu Val Leu
CAC AAC AAC CTC CTC CAA ATT CTT CTA CAA CAT ACT AAA ACC AAT AAC CAA CAA AAT TTC CAA CCT CAA CTT TTC
825  --+.-.........  +— - + - ----  - - + ---- ---- ---- y—   -+- —  — - — + ..............  399
Leu Val Ala Val Cly Arg Arg Pro Tyr Ile Ala Cly Leu Cly Al* Clu Lya II« Cly L«u Clu Val Aap Lya Arg
CTC CTT CCT CTT CCT ACA ACA CCT TAC ATT CCI CCC TIA CCC CCT CAA AAC ATT CCA ITA CAA CTA CAC AAA ACC
900 i---------- --------- ---- — *    f—   - f - ---- --—  - - +     --- - + - ------  974
Cly Arg Leu Val II« Aap Asp Cln Phe Aan Ser Lya Ph« Pro Hla II« Lya V*1 V*1 Cly Aap Val Thr Ph« Cly
CCA CCC CTA CTC ATT CAT CAC CAA TXT AAT TCC AAC ITC CCA CAC ATT AAA CTC CTA CCA CAT CTT ACA ITT CCT
49
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Pro Met Leù A U  Hi* Ly* A U  Clu Clu Clu Cly 11« A U  Al» Val Clu H«t Leu Ly* Thr Cly H U  Cly HI* Val
CCA ATC C7C CCT CAC AAA CGC CAA CAG CAA CCT ATT CCA CC7 C7C CAA A7C TTC AAA AC7 CCT CAC CC7 CA7 CTC
1050 r — -----    - - f ------------------------+ —   > + _   —  - - +    + —   - f -   1124
A*n Tyr Ain A m  II* Pro Ser Val Mot Tyr Ser Hi* Pro Glu Val Al* Trp Val Cly Ly« 7hr Clu Clu Cln Leu
AAC 7A7 AAC AAC A7T CCI 7CC C7C ATC TA7 TCT CAC CCA CAA CTA CCA 7CC CTT CC7 AAA ACC CAA CAC CAA TTC
1125 --- - - +        —  - + — --------- t ~  —  - + - ----------- 1  - --- 1199
Lya Clu Ala Cly lie A«p Tyr Ly« 11« Cly Ly« Phe Pro Phe Ala Ala A«n Sor Arg Ala Ly» Thr A«n Gin A«p
AAA CAA CCC CCC ATT CAC TAT AAA ATT CCI AAC TTC CCC ITT CCC CCC AAT TCA ACA CCC AAC ACC AAC CAA CAC
1200 +— -------- --------- ---- --------- ---- ---- ♦— ---- ---- --------- ---- — + —  ---- — -     1274
Thr Clu Cly Phe Val Ly« lie L«u 11« A*p S«r Ly« Thr Clu Arg 11« L«u Cly Ala HI» 11« 11« Cly Pro A«n
ACT CAA CCT TTC CTC AAC ATT TTC ATC GAT TCC AAC ACC CAC CCT ATT TIC CCC CCT CAC ATT ATC CCT CCA AAT
1275  - - +    + —     + ----------- h --- - t -   1    1349
Ala Cly Clu Mot 11« Ala Clu Ala Cly Leu Ala L«u Clu Tyr Cly Ala Sar Ala Clu Aap Val Ala Arg Val Cy*
CCC CCI CAA ATC ATT CCT CAA CCT CCC TTA CCC TTA CAA TAT CCC CCT TCC CCA CAA CAT CTT CCT' ACC CTC TCC
1250 4 ----- --------------------------------— + --------  4— ------- --------------------------------— + ---------------- 4— -------  - + - -------- 1424
Hi« Ala HI« Pro Thr L«u S«r Clu Ala Ph« Ly» Clu Ala Aan M«t Ala Ala Tyr A«p Ly* Ala 11« Hi* Cy* End
CAT CCT CAT CCT ACT TTC TCC CAA CCA ITT AAC CAA CCT AAC ATC CCT CCC TAT CAT AAA CCT ATT CAT TCT TCA
1425  — 4 -  ----- --------t—  ------- -4—   —  — + —  ---- --------t-— ----------------  -—  — ♦  - — -------— -  1499
AAACAGGAAATAATAAACACTATACTATATATATTTATCAACAACCCCTTACTATTCAGTAACTAAAAAAAAATTCCACAACCAATTAATATATCACCAA
1  -4----------- 4- 4—  —  — ---- 4— --------- 4---------- ------------------------H-----------i-------— 4- 100
ACTACTACTCCATC
101  + ----  114
Figure 3. 3. Bucleotide sequence of the LPD gene and deduced
primary structure of lipoamide dehydrogenase.
The nucleotide sequence of a 2.7 kb region containing the sense 
strand of the LPD gene as well as over 1 kb of flanking DBA is 
shown in the 5' to 3’ direction. The specific features of the 5‘ and 
3' flanking regions are noted as follows: the 'TATA' consensus
seouences are cverlined; sites showing homology to sequences known 
to be important in the structure of APS elements, are boned; the 
proposed consensus polyadenylation signal, AATAAA, is denoted by 
overdots; the proposed polyadenylation/termination signal, 
TAG...TAGTGT...TTT, is denoted by underdots. The sequences showing 
homology to known regulatory sequences are shown separately in 
figure 3. 6
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using clone, isolated from a cDRA library screened with a 17 
nucleotide mixed oligonucleotide probe. The probe was based on the 
amino-terminal sequence of the yeast lipoamide dehydrogenase. The 
two sequences are identical, with the exception of a one base 
mismatch at position +282, within the open reading frame which is 
in the third nan-conserved base of a codon. The 5' noncoding 
regions, however, show no significant homology. The cDRA-derived 
sequence shows very strong homology to the ENOl gene from S. 
cerevisiae and two cDNA molecules must have become ligated during 
the cloning procedure.
In the region 5'-distal to the LFD gene there are two potential 
open reading frames: one (at -571), read in the apposite sense, is 
capable of encoding a polypeptide of 77 residues; the other 
(sequence not complete, terminating at -858) could encode a 
polypeptide of at least 76 amino acids. A search of the JJBRF 
protein data base showed no strong homology between the two 
predicted amino acid sequences and that of any known protein.
3.2 PRIMARY STRUCTURE OF YEAST LIPOAMIDE DEHYDROGERASE
The primary structure translated from the nucleotide sequence 
of the LFD gene, contains 499 amino acid residues that correspond to 
a protein of K- 54,010 (54,730 including the FAD cofactor). These 
Mr. values are in good agreement with previous estimates (Vieland, 
1983). Lipoamide dehydrogenase, encoded in the nucleus and 
synthesised on cytoplasmic ribosomes, is a component of two 
multienzyme complexes which function in the mitochondrial matrix-
inner membrane compartment. The presence of an N-terminal 
presequence has been shown in mammalian cells. Antibodies raised 
against the El, E2 and E3 components of 2-oxoglutarate 
dehydrogenase from ox heart have been used to show the presence, in 
cultured pig kidney cells, of initial cytoplasmic translation 
products that are larger than the mature proteins. The E3 
component was shown to be synthesised as a polypeptide 10-20 amino 
acids larger than the mature protein (Hunter and Lindsay, 1986).
The primary structure, derived from the LFD nucleotide sequence 
of S. cerevisiae, supports the conclusion that, in this organism, the 
lipoamide dehydrogenase R-terminal region represents a 
mitochondrial targeting sequence. The first twenty amino acids are 
rich in seryl, threonyl and basic residues, and show a complete 
absence of acidic amino acids. All of these features are typical of 
mitochondrial targeting sequences in yeast (von Heijne, 1986). In E, 
coli such a targeting sequence would be unnecessary; and when the 
primary structures of E. coli and S. cerevisiae (Stephens et al., 
1983) lipoamide dehydrogenase are aligned the yeast sequence is 
seen to contain an additional 20 amino acids at its IJ-terminus 
which are absent from the inferred E. coli protein (see figure 3.4).
The amino-terminal sequence of the native lipoamide 
dehydrogenase has recently been determined (Browning et al., 1938). 
It has the sequence Xaa-Ile-Asn-Lys-Ser-His-Asp-Val-Val-Iie-Ile-Gly- 
Gly-Gly-Pro-Ala-Gly-Tyr-Val-Ala-Ala-Ile-Lys-Ala-Ala. This confirms 
that the first 21 amino acids of the nascent lipoamide 
dehydrogenase polypeptide represent a presequence, probably involved 
in directing the protein to its correct subcellular location and
produce the mature protein.
3.2.1 Comparison of related amino acid sequences
The primary structures of several flavoproteins have been 
determined either partially or completely. Pig heart lipoamide 
dehydrogenase, E. coli lipoamide dehydrogenase, human red blood cell 
glutathione reductase and Psuedononas aeriginosa transposon mecuric 
reductase amino acid sequences have previously been compared 
(Williams et al., 1984), Four regions were identified which show 
strong homology between the four proteins. Two of these (FAD-1 and 
FAD-2) are involved in the binding of FAD. The other two constitute 
a pyridine nucleotide-binding domain and an 'interface' domain 
involved in the interaction of subunits of the enzyme producing the 
dimeric lipoamide dehydrogenase structure.
The primary structure of lipoamide dehydrogenase from 
Azotobacter vinlandii (Vestphal and Kok, 1988), and human liver 
cells (Pons et al., 1988) have recently been deduced from their 
respective D M  sequences. Figure 3.4 shows the amino acid sequences 
of the four proteins, previously compared, and the primary 
structures of lipoamide dehydrogenase from S. cerevisiae, Azotobacter 
vinlandii and human liver cells, aligned for maximal homology using 
the computer programmes GAP and PRETTY.
Table 3.1, constructed using the programme DISTANCES, shows 
the degree of homology that exists between the 7 different amino 
acid sequences which have been aligned. The programmes COMPARE and 
DOTPLOT were used to depict graphically the regions of homology 
between S. cerevisiae lipoamide dehydrogenase and the other six
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Figure 3, 4. Protein sequence comparison.
The primary structures of S. cerevisiae lipoamide dehydrogenase 
CYLPDH), human liver lipoamide dehydrogenase CHLPDH), pig heart
lipoamide dehydrogenase (PLPDH), E. coli lipoamide dehydrogenase 
(ECLPDH), Azotobacter vinlandii lipoamide dehydrogenase (AVLPDH),
human red blood cell glutathione reductase (HGR) and Pseudomonas 
aeruginosa mercuric reductase (PAHS) are aligned for maximum
homology. The residue numbering is based on S. cerevisiae lipoamide
dehydrogenase. A consensus line below the seven sequences shows 
residues common to four or more of the amino acid sequences. The 
borders of the domains representing the four regions of strong 
homology previously identified (Williams et al., 1984), are marked by 
arrowheads below the consensus sequence. The order of the domains 
is FAD-1, pyridine nucleotide-binding, FAD-2 and finally the 
interface domain. The 80 residues at the II-terminus of mercuric 
reductase have been omitted. The individual sequences show residues 
in agreement with the consensus sequence in upper case and all 
others in lower case. The alignment was performed using the 
programmes GAP and PRETTY with the default protein comparison file 
(Gribskov and Burgess, 1986) which regards certain amino acids as 
similar for the purposes of the consensus line. The asterisks in 





mlrirsllnn kraf sstrvrc IninkshDW IIGgGPaGYV AAIKAAQLGF
57
nTacVEK...
HLPDH adqpidaDVt VIGsGPGGYV AAIKAAQLGF kTVcIEK...
PLPDH hfnrishglq glsavplrty adqpidaDVt VIGsGPGGYV AAIKAAQLGF kTVcIEK...
ECLPDH . s teiktqW VlGaGPaGYs AAfrcAdLGL eTViVEr...
AVLPDH msqkfDVI VIGaGPGGYV AAIKsAQLGL kTalIEKykg
HGB .....acrq epqpqgpppa agavasyDyl VIGgGsGGla sArrAAeLGa raavVE....
PAKE adnrvglldk vrgwmaaaek hsgneppvqV aVigsgGaam AAalkAveqg aqVtlie...
...... D W VIG-GPGGYV AAIKAAQLGF -TV--EK--
1 3
...rgkLGGT CLNVGCIPSK ALLNnSHlFH qMhteaqkrg i. dvngDIki NvanfqkaKD
...neTLGGT CLNVGCIPSK ALLNnSHyYH .MahgkdFAs rGiemsEVrl Nlekm*****
...neTLGGT CLNVvCIPSK ALLNnSHyYH .HahgkdFAs rGiemsEVrl NldkmmeqKs
...ynTLGGv CLNVGCIPSK ALL...Hvak vieeakaLAe hGivfgEpkt didkircwKE
kegktaLGGT CLNVGCIPSK ALLdsSykFH eahesfkLhg i.s.tgEVai dvpcraiarKD
...shkLGGT CvNVGCVPkK vMwNtavhse fHh...dhAd yGfpscEgkf NwrvikekrD
...rgTiGGT CvNVGCVPSK lMiraaHiaH lrrespfdgg iaatvpddr skllaqqqar
 TLGGT CLNVGCIPSK ALLN-SH- -H -H A- -G EV-- N.......KD
172
daVkqLTGGI .elLFKknkV cyykGnGsFe detkirVTpv DGlegtVked hildvkNIiV
****aLTGGI ah. LJTC*'*-*"* **VnGyGK** ********-* a DGstevInc.kNIH
taVkaLTGGI ahlLFKqnkV vhVnGyrKit gknqvtaTka DGgtqvIdt.kNIH
kvInqLTGGl .aghaKgrkV kvVnGIGKFt gancleVege nG...... k tvinfdNail
qiVmLTGGV asli.KangV clfeGhGKLl agkkveVTaa DG ss qvldteNVil
ayVsrLnaiy .qnnLckshl eilrGhaaF......Tsd pkpcieVsgk kytaph.lll
vdelrhakye .giLggnpal cvVhGearFk ddqsltVrln EGgervVmfd rei.V
- -V- -LTGGI - --LFK---V - -V-G-GKF..... VT-- DG V ..........NI-I
231
ATG.SevTPF PglelDEekl VsSTGALsLk «IPkRLrlIC gGIIGLEMGs VYsRLGSkVT
ATG. SevTPF PgltlDE**-* *****★★★**• ****kMvVIG AGVIGvE. . . **********
ATG.SevTPF PgltlDEdcI VsSTGALsLk kVPekHvVIG AGVIGvELGs VWqRLGadVT
AaG.SrpiqL PflphEDprl vdSTdALeLk eVPeRLIVmG gGIIGLEMGc VYhaLGSqld
AsG.Skpvei PpapVDqdvI VdSTCALdFq nVPgkLgVIG AGVIvLELGs VUaRLGaeVT
ATGgmpsTPh esqipgaslg ItSdCfFqLe elPgRsvIVG AGylavEMag ILsaLGSkrs
ATG.aspavp PipglkEspy wcSTeALasd tlPeRLaVIG ssWaLELaq aFaRLGSkVT
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IYTHPEIAgV GKT..EqaLK aECVainVCv 
VFsHPpIgtV GITedEaihK ygierwKtys 
VFTdPqVAtV G..ysEaeah hDCIEcdsrc 
IYTHPEVAWV GKT--E--LK EEGIEYKVG-









KAeEEG..lA aVEmLktGhg hvnYNnIPSV 
KAeDEG..Ii cVEgMaGCav hiDYNcVPSV 
KAeDEG..IÍ cVEgMaGGav hiDYNcVPSV 
Kgv’nEGhvaA eViagk..kh yFDpkvIPSI 
KAsEEGwVA ..EriaGhka qMnYdlIFaV 
vAiaaGrklA hrlfeykeds kLDYNnIPcV 




FPFAAnsRAk TNqDTEGfVK IliDskTERI 
FPFA***RAk TOaDTDGmVK IlgqksTDRV 
FPFAAnsRrk TNaDTDGmVK IlgqksTDRV 
FPWAAsgRAi asdcaDGnitK HfDkeshRV 
FPFAAsgRAra aanDTaGfVK VlaDakTDRV 
tsFcpnjyhAv TkrkTkcvmK mVcankeEkV 
LcLdnvpRAl aNfDTrGflK lViEegshRl 
FPFAA--RA- TN-DTDG-VK I--D--TDRV
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LGaHIIGPnA GEMIaEAgLA LEYGASaEDV ArvcHAHPTL SEAFkEAnHA aydkalhc..
LGaHIIGPgA GEMInEAALA LEYGAScEDI ArvcHAHPTL SEAFrEAnlA asfgkainf.
LGaHIlGPgA GgMVnEAALA LEYGAScEDI ArvcHAHPTL SEAFrEAnLA askgksinf*
IGgalVGcng GELlgEigLA iEmGcdaEDI AltlHAHPTL hEsvglAaev fegsicdlpn
LGvHVIGPsA aELVqqgALA MEFGtSaEDl gmnrvfAHPaL SEALhEAaLA vsghaihvan
vGiHmqGlgc dEMlqgfAvA vkmGAPkaDf dncvaiHPTs SEeLvclr......
lCvqaVaPeA GELIqcAALA irnrmcvqEl AdqlfpylTM vEgLklAaqc fnkdvkqlsc
LG-HIIGP-A SHI-EAALA LEYGAS-EDI A - - - HAHPTL SEA- - EA - LA...............
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YLPOH PHLPDH HLPDH ECLPDH AVLPDH HGR PAMR
YLPDH 1 0,45 0,62 0,47 0,56 0,40 0,33
PHLPDH 1 0,59 0,37 0,40 0,29 0,23
HLPDH 1 0,43 0,54 0,33 0,36
ECLPDH 1 0,49 0,35 0,37
AVLPDH 1 0,37 0,36
HGR 1 0,32
P AMR 1
Table 3. 1. Sco re  o f the  homology between the seven amino a c id  
sequences,
The programme DISTANCES was used to score the relative 
homology between the seven different primary amino acid sequences, 
Each value represents the degree of homology between two primary 
sequences determined using the default protein comparison file of 
the programme (Gribskov and Burgess, 1936). YLPDH, S. cerevisiae 
lipoamide dehydrogenase; HLPDH, human liver lipoamide dehydrogenase; 
PLPDH, pig heart lipoamide dehydrogenase; ECLPDH, E. coli lipoamide 
dehydrogenase; AVLPDH, A. vinlandii lipoamide dehydrogenase; HGR, 
human red blood cell glutathione reductase; PAMS, P. aeruginosa 
mercuric reductase.
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The primary structure of S. cerevisiae lipoamide dehydrogenase 
is in full agreement with the established 'domain homology' 
identified between the four previously aligned flavoproteins. The 
higher level of homology between the eukaryotic amino acid sequences 
is apparent from figure 3,4 and table 3.1. The relatively low 
homology between the pig heart sequence and the other primary 
sequences displayed in the table is due to the regions of unknown 
sequence in this protein. A glance at the top three lines of figure
3.4 reveals the very high level of conservation present between the 
yeast and human liver sequences and that of pig heart lipoamide 
dehydrogenase. Interestingly there is no region of strong homology 
exclusive to the eukaryotic primary sequences. Such a region might 
have been expected based on the difference between eukaryotic 
complex structure and that of Gram-negative prokaryotes and its 
absence perhaps indicates that the lipoamide dehydrogenase interacts 
with the E2 subunit in the same manner in both multienzyme complex 
conformations.
Table 3.1 also reveals the higher degree of homology between A. 
vinlandii and the eukaryotic sequences than that between E. coli and 
these sequences perhaps reflecting a closer relationship, in 
evolutioary terms, between .4. vinlandii and eukaryotic organisms. 
The homology between all five E3 amino acid sequences and the two 
'non-lipoamide dehydrogenase' primary sequences is in full agreement 
with the proposal that lipoamide dehydrogenase represents the 
progenitor of these two proteins. Williams et al., (1984), have 
proposed that, as lipoamide dehydrogenase is found in several
3.5.
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Figure 3. 5. Dot plots stowing the regions of homology between 
S. cerevisiae lipaamide dehydrogenase and six related amino acid 
sequences.
In each comparison S. cerevisiae lipoamide dehydrogenase is 
along the horizontal axis and the other primary sequence along the 
vertical axis. A, human liver lipoamide dehydrogenase; B, pig heart 
lipoamide dehydrogenase; C, E. coli lipoamide dehydrogenase; D, A. 
vinlandii lipoamide dehydrogenase; E, human red blood cell 
glutathione reductase; F, P. aeruginosa mercuric reductase. The 
numbers along the axes represent the amino acid number for each 
primary sequence. Regions of homology were identified using the 
programmes COMPARE and DOTPLQT, with the default threshold value 
and a window size of 15 residues, and are displayed as diagonal 
lines between the two sequences.
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anaerobic organisms, glutathione reductase may have evolved from 
this enzyme during the oxygen build-up era as organisms needed to 
protect their protein thiols against oxidation. Regions of homology 
can be identified between S. cerevisiae and both human glutathione 
reductase and P. aeruginosa transposon mercuric reductase, in figure 
3.5, which correspond approximately with all of the four domains 
previously identified and discussed above.
3.3 GEUERAL FEATURES OF THE H05C0DIRG REGIONS
The sequences upstream and downstream which flank the coding 
region of the LPD gene share several characteristics common to the 
5'- and 3'-noncoding regions of many sequenced yeast genes. The 
noncoding regions of several yeast genes are AT rich and the 
regions 5' (-500 to -1) and 3' to the LPD coding region have overall 
A + T compositions of 63% and 74% respectively, The sequences 
TAATAAA and TATAA found at positions -146 and -154 represent 
potential TATA boxes, one of the elements known to have an 
important role in determining the mRNA initiation site (Grosschedl 
and Birnsteil, 1980). An A is found at position -3 as has been 
reported for the majority of yeast genes sequenced (Kozak, 1981).
Two further sites in the upstream region are of interest as 
they show homology to sequences shown to be important in the 
structure of autonomously replicating sequences or ARS, First, the 
region from -73 to -54 with the sequence CGTATATTTATATATATATCG, an 
almost perfect 21 bp inverted repeat, is similar to a consensus 
sequence proposed to be necessary for autonomous replication with 
the sequence 'V-rTTTATPuTTT'V-r (Broach et al., 1983). This homology
may be purely fortuitous as the sequence between -73 and -54 lies 
within a very AT-rich region and fine structure analysis of ARS 
sequences has shown they require a number of additional elements 
other than the one described above for functional activity (Celniker 
et al., 1984). Second, a region from -260 to -247 with the sequence 
TCGTNifNlTAATGATG differs by one base from the sequence 
TCGTlTNUiiAATGATA which represents the opposite strand of a sequence 
identified as the consensus recognised by the DilA-binding factor, 
A3FI CAi?5-binding factor; Buchman et al., 1988). The search for 
AffS-like sequences was carried out following the observation that an 
integrating vector containing the upstream region of the LFD gene 
but no yeast origin of replication was maintained to some extent as 
an independent autonomously replicating plasmid (Z. Zaman 
unpublished results). ABFI binding sites have been identified in
the upstream region of several yeast genes including HIS3, DED1 and
REF3 genes (Buchman et al., 1988). It has been postulated that they
perhaps operate as activation sites or as boundary regions 
separating adjacent genes and they may therefore represent another 
example of a protein-binding site with more than one function.
Downstream of the TGA translation termination codon an 
additional 114 bp has been sequenced. The motif AATAAA, postulated 
to specify a site involved in polyadenylation in higher eukaryotes 
(Proudfoot and Brownlee, 1976), and seen in many yeast genes, is 
found at position +12. The sequence TAG.. .TA (T)GT... (AT rich)...TTT 
has been postulated to be a signal for transcription termination or 
polyadenylation (Zaret and Sherman, 1932), and a version of this,
CAGTATAGTATATATATTT, is found at position +18.
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3,4 POTENTIAL REGULATORY ELEMENTS VITHUT THE LFD UPSTREAM EEGIQN
The upstream region of the LPD gene, from -358 to -102, 
contains a number of regions which show homology to sequences 
known to have roles in the regulation of other yeast genes. These 
regions of homology are shown in figure 3.6. At position -247 there 
is the sequence TGACTCGTTTTT that conforms very closely to the 
consensus sequence obtained from the G C M  protein binding sites 
studied (Hill et al., 1986). This protein mediates the general 
control of amino acid biosynthesis response that is involved in 
modulating the expression of genes, involved in amino acid 
biosynthesis, during conditions of amino acid starvation (Struhl, 
1982). A second, almost perfect direct repeat, sequence
(TGAATCGTTTTT), is also present, 17 bp upstream, at position -265. 
At -114 there is another TGACTC motif, although this conforms less 
well to the G C M  binding site consensus sequence. The role of 
general amino acid control in the regulation of the LPD gene will 
be discussed more fully in chapter 4.
The sequence at position -203 shows homology to a sequence 
identified as a component of the UAS2 of CYC1 (Forsburg and 
Guarente, 1988), The CYC1 gene, encoding iso-1-cytochrome c, 
contains two UAS's, termed UAS1 and UAS2, both of which represent 
examples of complex upstream elements which interact with multiple 
regulatory factors (Guarente et al., 1984). UAS1 is responsible for 
the haem-induced activation of CYC1. UAS2 is the element which is 
responsible for the activation of CYC1 expression in the presence of 
nonfermentable carbon sources and is activated by the gene products 
of the HAP2 and HAP3 loci. These regulatory genes are part of a 
control network modulating the expression of genes required for
' A'A frATGCGTGACTACCACGAÀtI' AT' A: .
tiATGCACGTGAAT
ATCACGTGAATfcGTTTTT * ' aÌTGACTCGTTTTl|/'.1 A ATA< ! ' TTATCA : ' Ai'CGAACGGC
|£TCATTGGCGA(H | : '~T!,TAT| | A A ' ! 1 ' A A I : AIA ACTT AGTGIt A TT A T A
¡TGACTQ ATATATA
tT A T A CA r A FAACGTATATTTATA1 ATA1ACXiGTTTTGTTCGATTGTCTCTGTCG 
. ft A A G A AC AT A G T A A C AGT T( ACAATGTTAAGAATC AGATCACTCC'.TA AATAAT
ATTGACCA'i"! A ' A A« ÌTCACATGA)
Figure 3. 6. Sequences with a potential role in the regulation of 
the LPD gene.
The boxed regions all show homology to sequences known to 
have roles in the regulation of other yeast genes. Blue shading, 
G C M  binding site homologies; orange shading, homology to UA52 of 
CYC1; yellow shading, homology to the original ’Cooper repressor 
sequence’; purple shading, homologies to ADR1 binding site; green 
shading, homologies to the TCACGTGA sequence present as a cis- 
acting element within several yeast promoters and the core of the 
CPI binding site, The sequence from -361 to -342 has also been 
shaded in green to highlight its similarity to the sequence from 
-283 to -260, The translation start site is underlined. See text 
for further details
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respiratory competence including HEK1 and C0X4 (Forsburg and 
Guarente, 1983).
A detailed mutational analysis of UAS2 involving 5' and 3' 
deletions and linker substitution analysis has revealed this site 
contains two distinct regions which bind to specific regulatory 
factors (Forsburg and Guarente, 1988). Region 1 is the binding site 
of the HAP2 and HAP3 proteins and consists of the principal carbon 
source response site. Region 2 binds a distinct protein complex and 
is required for maximal activity from region 1. The position of 
these regions within the CYC1 upstream sequence together with the 
reported homology identified between CYC1, HEK1 and C0X4, are 
shown in figure 3.7. The consensus sequence TFATTGGT has been 
identifed between these three genes based upon a region of homology 
between them and the observation that a one base change within the 
UAS2 of CYC1 at position -208, shown in the figure, increases the 
activity of the site 10 to 20-fold (Guarente et al., 1984). Within 
region 1 a dyad sequence is also present and has been shown to be 
required for maximal UAS2 activity. The regions of homology, 
between the LFD gene and those identified as the HAF2-HAP3 binding 
site, are shown in figure 3.7. Fo further homology has been 
reported between the regulatory regions CYC1, HEM1 and COX4 genes.
The sequence of the LED gene showing homology to the 
identified consensus sequence is also shown in figure 3.7. The 
addition of the LFD sequence helps demonstrate two further 
similarities that exist between all 4 sequences First, a sequence 
of dyad symmetry, in the region immediately downstream of the 
consensus sequence, present in all four sequences. This sequence, 
within the CYC1, HEM1 and LFD genes, shows some degree of homology;
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G A C A G T C A G C T G A C A ^ A  
( j c G A G A A G T C T' CCGCGGAGC -242
Figure 3. 7. Sequences showing homology to the HAP2-HAP3 binding 
site within the TJAS2 of CYC1.
The consensus sequence, previously identified (Forsburg and 
Guarente, 1988), to which the LPD gene shows homology, is boxed. 
Regions 1 and 2 define two separate sites identified as the binding 
sites of regulatory factors. The inverted repeats, discussed in the 
text are shown above each DNA sequence. UP1 refers to the mutation 
in the CYC1 promoter region which increases UAS2 activity (see text 
for further details).
all three contain the sequence COCO which extends to CCOCOO in HEK1 
and LFD. Within the UAS2 of CYCl this region of dyad symmetry may 
represent the binding site of the protein, identified by gel 
retardation studies as binding to region 2. Second, all four 
sequences contain short regions of dyad symmetry similar in nature 
but not in sequence to that identified as an important element of 
the CYCl UAS2, Such a region of dyad symmetry may be necessary 
for the binding of the HAP2 and HAP3 proteins. The location of 
these two further features is also shown in figure 3.7.
The presence of a sequence similar to the UAS of CYCl within 
the LPD promoter is not suprising given the role this cis-acting 
element has in mediating the catabolite repressible nature of iso-1- 
cytochrome c. LFD expression has been shewn to be subject to 
catabolite repression (Soy and Dawes, 1987),and a UAS2-like element 
should confer this form of regulation upon the gene. It is 
interesting that both CYCl and LFD show a one base mismatch to the 
T1TATTGGT consensus sequence. Clearly, the presence of an exact copy 
of this sequence is not required for a functional HAP2-HAP3 binding 
site. How important the different bases of this sequence and the 
sequences surrounding it are remains to be determined. Results 
connected with the presence of a HAP2-HAP3 binding site in the 
upstream sequence of the LFD gene together with proposals for the 
further investigation of this possibility are discussed in Chapter 
5.
The inverted repeat downstream of the HAP2-HAP3 binding site 
is also interesting as it shows some homology to the sequence 
TAGCCGCCGAGGG previously proposed by T. Cooper (1986) to represent 
a general repressor protein binding site. Since the original
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re-examined and revised. The revised sequence is not yet available, 
although it is known not to be a perfect palindrome. The UAS2 of 
CYCl does not contain a repressor-binding site however it is 
possible that the inverted repeat within the LFD gene is in some 
way related to the repressor binding site. If so, this would 
represent an example of two overlapping regulatory elements. The 
role of such overlapping sites in the regulation of gene expression 
is discussed below.
The sequence AACTTA(A/G)TG present twice at positions -177 and 
-166 shows some homology to a 22 bp perfect dyad sequence, 
TCTCCAACTTATAAGTTGGAGA, present in the upstream region of the ADHII 
gene. This 22 bp sequence represents the binding site of the 
positive activator ADS1 involved in the induction of the ADHII gene 
during growth on non-fermentable carbon sources (Shuster et al., 
1986). The sequences at -177 and -166 are interesting as they 
represent a direct repeat in comparison to the inverted repeat in 
the ADHII promoter. This, therefore, represents another example of 
homology between a sequence in the upstream region of the LPD gene 
and a cis-acting element involved in mediating the catabolite 
repressible nature of another gene.
Finally, the sequence CACGTGA, present twice within a 23 bp 
inverted repeat, at positions -279 and -268 is identical to that 
shown recently to be required for mRFA initiation at the TFF1 
promoter (Mellor et al., in press). The same motif has been 
identified near several other eukaryotic transcription units, 
including GAL2 and the adenovirus major late promoter (Bram et al., 
1986; Sawadogo and Roeder, 1985). A very similar sequence,
TCAC(G/A)TG, is the core of a consensus sequence, found within all 
yeast centromeres, and represents the binding site of a protein 
termed centromere-binding protein or CPI. Interestingly the 23 bp 
repeat containing the two CACGTGA sequences is represented in a 
symmetrically truncated form at -361. The sequence TCACATGA at 
position +75 also shows homology to both the TRP1 promoter sequence 
and the CPI binding site (Bram et al.„ 1987). These regions of 
homology are shown in figure 3.8. A passible role for these 
sequences in the regulation of the LPD gene is discussed in 
chapter 5.
The significance of these regions of homology has been 
investigated and the results are presented in Chapters 4 and 5. The 
results show that several proteins appear to be binding to the 
upstream region of the LFD gene. The regions of interest discussed 
above are in several cases, in very close proximity to each other 
and some actuallyoverlap. This situation has been found in the 
promoters of other yeast genes, Both UAS sequences in CYC1 bind 
several regulatory proteins (Pfeifer et al., 1937; Forsburg and 
Guarente, 1988), and the GAL1-GAL10 divergent promoter has been 
described as 'a battleground for positive and negative regulatory 
factors' (Finley and West, 1988). The presence of very close or 
overlapping binding sites for different regulatory factors may 
represent a common feature of eukaryotic promoters. The competitive 
binding of regulatory factors to adjacent or overlapping sites could 
be envisaged as a mechanism by which the effects of different 
control networks are integrated to correctly modulate gene 
expression.
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CHAPTER 4 REGULATION OF TEE LFD GENS 
BY GENERAL AMINO ACID CONTROL
4.1 GENERAL AMINO ACID CONTROL
The upstream region of the LFD gene contains three sites 
showing strong homology to the sequence identified as the C-CN4 
binding site. GCN4 is the most direct trans-acting positive 
regulator in the control network known as general amino acid 
control (Hope and Struhl, 1985). A consensus sequence for the GCN4- 
binding site has been established by comparing the regions upstream 
of genes known to be subject to general amino acid control (Hill et 
al., 1986). This is shown in figure 4.1. Hinnebusch et al. (1985) 
have shown a 16 bp double stranded oligonuceotide with the sequence 
CTGACTCACGTTTTTG is sufficient to place the CYC1 gene under some 
degree of general amino acid control. Furthermore, two copies of 
this oligonucleotide give derepression levels nearly as high as 
those observed when the entire 5' non-coding region of the HIS4 gene 
is placed upstream of the CYC1 gene. Thus the flanking sequence 
around the GCN4 binding site does not seem to be critical in 
determining the activity of this cis-acting element. These results 
suggest the presence of one or more sites, showing strong homology 
to the GCN4 binding site, in the upstream region of a yeast gene 
represents good evidence that the gene will be subject to general 
amino acid control.
Until recently, all those genes shown to be subject to general 
amino acid control were involved directly in the synthesis of amino 
acids or charged tSMA species. Regulation of lipoamide
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Gene . Sequence
H I S  1 A G C G T G A C T C T T C C C G G A A
H I S  1 G AG GTG A C T C A C T T G C A A G
H I S  3 C G G A T G A C T C T T T T T T T T T
H I S  4 A C A G T G A C T C A C G T T T T T T
A R C 3 GT C G T G A C T C A T A T G C T T T
A R G 4 TG A A T G A C T C A C T T T T T G G
C P A 1 T T C T T G A C T C G T C T T T T C T
C P A  2 C G A A T G A C T CT TAT TGA TG
T R P 5 A GA ATG A C T A A T T T T A C T A
T R P 3 T C G T T G A C T CA TTC TAA TC
T R P 2 T T G C T G A C T CAT TAC GAT T
I L V 1 GA GAT GA C T C T T T T T C T T T
I L V 2 G C G A TGA TTC ATT TCT CTG
L E U 1 T A G A T G A C T CAG TTT AGT C
L E U 4 T A A G T G A C T CA GTT CTT TC
I L S 1 A T G A T G A C T C T T A A G C A T G
sensus — r r T G A C T C a t t t--- t-
L P D 1 CA CGT G A C T C G T T T T T A G A
L P D 1 AT GAT GA A T C G T T T T T A A T
L P D 1 CT TTT GA C T C A C C T C G A A T
Figure 4. 1. Consensus far the general control regulatory site and 
sequences from the LPD gene showing homology to this consensus.
DliA sequences for 16 prospective sites from 15 genes under 
general control. The TGACTC sequences are aligned and shown in 
bold print. The consensus line shows highly conserved nucleotides 
as upper case letters, conserved residues as lower case letters and 
nonconserved residues as dashes. The three sequences from the LPD 
gene showing homology to the GCN4 binding site are shown below the 
consensus sequence. Diagram modified from Kill et al., (1986).
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exception within this regulatory network.
General amino acid control, first identified by Delforge et al. 
(1975), refers to the derepression of a group of genes encoding more 
than 30 enzymes, involved in 9 different amino acid biosynthetic 
pathways (reviewed by Hinnebusch, 1988). The response is induced 
by the starvation of yeast cells for any one of at least 10 
different amino acids, It remains passible that starvation for any 
amino acid is sufficient to elicit the response.
Genetic analysis has led to the identification of two classes 
of genes which are directly involved in general amino acid control. 
Firstly, GCN genes whose products are required for the derepression 
response and secondly, GCD genes whose products are required to 
maintain repression in non-starvation conditions (Greenberg et al., 
1986). Detailed genetic analysis, of mutations in the various GCN 
and GCD genes isolated, has allowed the hierachy of the various gene 
products to be established (Hinnebusch, 1988). This is shown in 
figure 4.2, It is not yet clear whether all of these genes encode 
proteins directly involved in general amino acid control but it is 
likely that some have a more indirect role in the regulation of gene 
expression. For example, GCD1, GCD7 and GCD10-13 have been shown 
to regulate expression of amino acid biosynthetic genes by 
controlling the steady-state level of their mSUA product (Harashima 
and Hinnebusch, 1986; Hill and Struhl, 1986; Myers et al., 1986), 
while GCD8 has been proposed to regulate structural gene expression 
through a post-transcriptional mechanism (Greenberg et al., 1986),
As discussed in Chapter 1, GCH4 has been shown to encode a 
protein containing a DMA binding activity. This binding domain
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AMIIJO ACID + GCN1





















Figure 4. 2. Hierarchy of regulatory factors in general amino acid 
control.
Starvation for amino acid<s) results in the induction of the 
GCN1, GC1T2 and GCN3 gene products which inhibit the activity of the 
GCD regulatory factors. The GCD gene products act to repress GCN4 
synthesis which, when released from this repression, induces a wide 
range of amino acid biosynthetic genes (and possibly many others). 
Diagram from Hinnebusch, (1983).
interacts specifically with TGACTC regulatory sequences (Hope and 
Struhl, 1985). The protein also contains a. short acidic region 
which is sufficient to activate transcription.
The regulatory mechanism, involved in the control of GC1T4 
activity, has not yet been completely determined. It is clear, 
however, that regulation of the protein involves the unusual nature 
of the mRNA species encoded by GCN4 (Hinnebusch, 1984). The GCN4 
transcript is approximately 1500 nucleotides in length. A protein 
coding sequence of 281 codons is located near the 3' end of this 
transcriptional unit leaving approximately 600 nucleotides in the 5' 
leader. This leader contains four AUG codons followed, in each case, 
by either one or two sense codons and then a termination codon. 
Extensive point mutation studies have revealed that ORF's 3 and 4 
have a negative regulatory effect on GCJT4 synthesis and that these 
two ORF's are themselves negatively regulated by ORF 1 and 2 
(Mueller and Hinnebusch, 1986). The negative effect of QRF '1 and 2 
upon ORF 3 and 4 is in turn suppressed by the activity of the GCD1 
gene product. A model summarising the functional interactions 
between these upstream ORFs is shown in figure 4.3.
4.2 INVESTIGATION OF LPD TEAS'SCRIPT LEVELS DURISG AI ISO ACID
STARVATION
In order to determine whether the LPD gene was regulated by 
general amino acid control LPD transcript levels were monitored 
during growth on conditions which induced this response. Several 
different methods have been reported for the induction of the 
general amino acid response. A strain, containing a leaky mutation
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3 ---  4 GCN4
Figure 4. 3. GCÏÏ4 mRRA open reading frame (ORF) interaction
Kodel summarizing functional interactions between the upstream 
ORFs in the GCN4 mRNA leader that regulate translation of the C-CN4 
protein-coding sequences. ORFs 3 and 4 are required to efficiently 
reduce translation of the protein-coding sequences in repressing 
conditions, 0RF1, and to a lesser extent 0RF2, suppresses the 
blockade to initiation downstream exerted by ORFs 3 and 4. ORFs 1 
and 2 are unable to exert this effect in repressing conditions when 
GCD1 activity is present. Diagram from Hinnebusch, (1988).
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in a structural gene for an amino acid biosynthetic enzyme, can be 
cultured on a medium lacking the required amino acid (Delforge et 
al., 1975). Alternatively, wild-type cells grown initially on a 
media containing all 20 amino acids can be transfered to minimal 
medium. A lesser degree of derepression has also been observed in 
wild-type cells grown in the presence of amino acid 'supplements 
which lead to starvation for an amino acid other than those added 
as a result of regulatory interactions between related biosynthetic 
pathways (Hiederberger et al., 1981). Finally, amino acid starvation 
can be induced by the addition of an inhibitor of synthesis of one 
amino acid to wild-type cells growing on minimal media. Examples 
of such inhibitors include 5-methyltryptophan, which inhibits 
tryptophan biosynthesis by a false feedback effect upon anthranilate 
synthase (Schurch et al., 1973) and 3-amino-l ,2,4-triazole C3AT), 
which blocks histidine biosynthesis by competitively inhibiting 
imidazole glycerolphosphate dehydratase (Klopotowski and Wiater, 
1965).
This last method was chosen to examine the effect the general 
amino acid response had upon LPD mRUA levels. PolyA^-RUA samples 
were isolated from an exponentially growing culture of wild-type 
cells at time points before and after the addition of SAT. northern 
blot and slot blot results, showing the level of LFD mSFA at the 
time points taken, are shown in figure 4.4. The results show the 
level of LPD rnSIA increase significantly, in both experiments, after 
the addition of the amino acid analogue. Figure 4.5 shews a 
densitometric scan of the autoradiogam shown in figure 4.4B and 
represents the quantification of the increase in LPD mP.JTA following 
the addition of 3AT. The increase of approximately 4 fold is
A 1 2 3 4 5 6 7 8
B 1 2 3 4 5 6 7 8
I I I  I  I
Figure 4. 4. LFD transcript analysis during amino acid starvation,
A. Northern showing LFD mRNA levels at 8 time points before 
and after the addition of 3AT at t = 0. Lane 1 = -120 min; 2 = -60
min; 3 = 0; 4 = 15 min ; 5 = 30 min; 6 = 60 min; 7 = 120 min; 8 =
180 min. 5 pg of polyA^-RNA was loaded into each lane of a 0.8% 
agarose gel prior to electrophoresis.
B. Slot blot showing LFD mRNA levels before and after the
addition of 3AT. Time points are the same as those in figure 4. 4A.
5 pg of polyA^-RNA was loaded into each slot.
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Figure 4. 5. Densitometric scan of the slot blot autoradiograph 
shown in figure 4. 5B.
77
subject to general amino acid control, as is the peak in mRHA levels 
1 hour after induction of the general amino acid response, (reviewed 
by Jones and Fink 1982; Penn et al., 1984), and thus support the 
conclusion that the LPD gene is controlled by this regulatory 
network.
In the transcript analysis experiments, described here, the 
level of a non-derepressed transcript, such as URA3, has not been 
included as a loading control. Poly(A^-RHA levels, for each time 
point, were instead based simply upon spectrophotometric
measurements, This is an important omission as the presence of
contaminants, in the poly(A)'*' sample, can interfere with the 
quantification of RITA making quantitative comparisons between
separate RITA samples unreliable. A more detailed analysis of the 
affect of amino acid starvation upon LPD transcript levels, using 
URA3 as a negative control and HISS as a positive control, is at 
present being carried out.
4.3 A5ALYSIS OF THE BIIDI5G OF GC5T4 TO THE UPSTREAM
REGIOH OF THE LPD GESE.
Regulation of lipoamide dehydrogenase by general amino acid 
control requires that GC3T4 binds to the upstream region of the LPD 
gene. This was investigated with GC1J4 protein which was 
synthesised in vitro and labelled with ["»*S3 - aethion ine. The
protein was synthesised by transcribing the GCIT4 gene using an SP6
expression vector containing the structural gene for GCU4, kindly
supplied by K, Struhl and I. Hope. The transcript was then 
translated in vitro using a wheat germ extract to which
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Figure 4. 6. Gel retardation analysis of the upstream region of the 
LFD gene using in vitro synthesised GC54 protein.
[3SS]-methionine labelled GCIT4 protein was synthesised in
vitro as detailed in Chapter 2. The reaction extract, (2 pi), was
added (without further purification) in each case to 18 pi DiTA-
binding buffer (Hope and Struhl, 1985), containing differing
quantities of a 1020 bp Sall/Kpnl fragment, covering the region from 
-831 to +190 within the LPD gene, digested with either TaqI (T) or 
Hinfl (H). Lane 1 = 10 ng T; 2 = 20 ng T; 3 = 30 ng T; 4 = 30 ng 
H; 5 = no D5TA. Cl and C2 represent protein/D¥A complexes discussed 
in the text. The intense bands above and below the Cl and C2 bands 
are also discussed in the text.
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methionine was added, Taql and Hinfl DNA fragments containing the
upstream region of the LFD gene were incubated with labelled GCN4
and assayed for DNA/protein complex formation by gel retardation. 
The details of this experiment are shown in Fig 4.6
On increasing the amounts of Taql DNA fragments in the
incubation there was a corresponding increase in the intensity of 
two bands on the retardation gel designated Cl and C2 (lanes 1-3, 
Fig 4.6), The relative intensity and positions of Cl and C2 suggest 
that they might represent the 165 bp and 114 bp Taql fragments, 
respectively, bound to GCN4 protein. The 155 bp fragment would be 
expected to bind the labelled protein more tightly, as it contains 
the two sites showing greatest homology to the GCN4 binding site. 
The HinfL fragments, in lane 4, show no detectable bands
representing protein/DNA complexes. This is in agreement with the 
proposed location of the GCN4 binding sites as Hinfl cuts at the 
sequence GANTC and will thus disrupt all three sites. A similar 
result was obtained when the upstream region of the HISS gene, 
which contains 3 GCN4-binding sites, was digested with Hinfl and 
assayed for GCM-binding ability (Hope and Struhl, 1985) (see 
section 4.4). The intense bands, present in all five lanes, above 
and below the Cl and C2 bands represent unbound GCN4 protein and 
unincorporated C3SS]-methionine respectively; the altered migration 
of GCN4 when bound to OTA fragments is due to the altered charge 
conferred upon the complex by the bound OTA molecule (Ian Hope, 
personal communication).
In order to further investigate the binding of GC-N4 to the 
upstream region of the LFD gene, DNase I footprinting analysis was 
carried out. A 172 bp J'faelll/S’stll fragment, representing the
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Figure 4. 7. Protection of LPD DFA from DJiasel cleavage by GC54 
protein.
Approximately 1 ng of a 172 bp Jiaelll/Sstll fragment (-354 to 
-183), end-labelled at the /fa el 11 terminus, was incubated with 
various quantities of GCH4 protein, without further purification from 
the in vitro translation reaction. After controlled digestion with 
DITasel, the products were examined on a sequencing gel alongside a 
dideoxy-sequencing ladder which provided size markers (not shown). 
Lane 1 = no GCN4; 2 = 2 pi translation products; 3 = 5 pi
translation products. The two regions of supressed DUasel cleavage 
are indicated alongside the cleavage products by hatched boxed and 
correspond with the two G C M  binding sites at positions -264 and - 
247. The strand shown is the non-sense strand. There appears to 
be some DITase activity in the translation mix resulting in the 
increased degradation of the 172 bp fragment with increased amounts 
of translation products.
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the two upstream GCN4 binding sites, was used in this analysis. 
The result of this experiment is shown in figure 4.7 The two 
regions of protection identified in the figure correspond to the 
location of the two regions showing homology to the GCN4 binding 
site within this 172 bp fragment.
4.4 COMPARISON OF GEL RETARDATION AND DNase I FOOTPRINTING
RESULTS WITH PUBLISHED WORK.
Hope and Struhl were the first to report the synthesis of GCN4 
protein in vitro and to demonstrate the binding of this protein to 
the upstream region of a gene subject to general amino acid control 
Hope and Struhl, (1985). GCN4 protein was generated by in vitro 
transcription and translation of the vector pSP64 containing the 
GCN4 gene (pSP64-GCN4). Gel retardation analysis was then carried 
out using radio-labelled GCN4 and different restriction digests of a 
pUC8 derivative containing the HISS gene (pUC8-HISS') which were 
rendered blunt-ended using the large fragment of E. coli DNA 
polymerase I. In a typical reaction 0.5 pi of a 30 pi translation 
reaction was incubated with a 9 nM concentration of DNA fragments 
prior to gel retardation analysis.
By this method of analysis it was demonstrated that the radio­
labelled protein was binding specifically to an 80 bp region in the 
upstream region of the HIS3 gene containing one perfect and one 
imperfect TGACTC sequence. Also Hinfl cut pUC3-HISS showed no 
binding to GCN4. This enzyme cuts at GANTC sequences and would 
therefore cut at the sequence TGACTC.
An important series of controls in the gel retardation 
experiments, performed by Hope and Struhl, involved incubating the 
3®S-translation products generated by transcription and translation 
of pSP64-GCIM and pSP64 DNA, and in the absence of exogenous RITA,
with pUC9 DNA and with no DNA as well as with pUC8-HISS. A single
band, representing the complex formed between G C M  protein and HISS 
D1TA, was detected only when the *®S-translation products generated 
by transcription and translation of pSP64-GCIT4 were incubated with 
pUC8 -HIS3.
The location of the GCN4 binding site was further investigated 
using a series of pUC3-HISS derivatives in which regions of the 
HISS upstream region had been deleted. There plasmids were assayed 
for G C M  binding ability as above and a 20 bp region was identified 
as the binding site of the protein. This 20 bp region contained a 
perfect copy of the TGACTC sequence. It was also noted that 
plasmids which lacked the perfect TGACTC sequence but retained an
imperfect copy appeared to bind 00114 protein at a level above that
for nonspecific interactions suggesting this second site might 
represent a weak G C M  binding site. The upstream regions of 8
other yeast genes were also tested for their ability to bind to G C M
using the above assay, DNA fragments from the upstream regions of
4 of the genes, known to be subject to general amino acid control, 
bound to G C M  while the fragments isolated from the other 4 genes, 
all of which were known not to be subject to general amino acid 
control, failed to bind to the protein.
In order to determine exactly where G C M  protein was binding 
to the HISS upstream region DNase I footprinting was carried out 
using the in vitro synthesised protein. In these experiments 1 ng
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of assymetrically labelled D1TA fragment was incubated with different 
amounts of G C M  translation products as in the gel retardation 
experiments discussed above. The protein/DNA complexes were then 
subjected to a controlled digestion with DNase I and the resulting 
DNA fragments analysed on an acrylamide sequencing gel, Protection 
experiments using two HISS upstream fragments demonstrated that 
G C M  protein protected a 10 bp region on one strand and a 5 bp 
region on the other strand and that this region included the TC-ACTC 
sequence within the 20 bp region determined by gel retardation 
analysis.
Studies involving saturation mutagenesis of the yeast HIS3 
regulatory site followed by gel retardation analysis using in vitro 
synthesised G C M  (Hill et al., 1986) have provided a clearer picture 
of the optimal sequence required for GCI4 binding. The palindromic 
sequence ATGACTCAT was shown to represent the optimal binding site 
for GCN4 which is in good agreement with the consensus sequence 
R5TGACTCATTT, determined by comparing several G C M  binding sites. 
A similar conclusion was reached using G C M  protein obtained from 
an overproducing strain of E. coli (Arndt and Fink, 1986). Using 
higher concentrations of G C M  protein than were available from in 
vitro synthesis they showed the protein would protect all 'TGACTC- 
like' sequences in the upstream regions of the HISS, HIS4, ILV1 and 
ILV2 genes during DNase I footprinting experiments. Analysis of the 
relative binding constants of the different sequences which GC M  
protected led to the conclusion that the sequence RRTGACTC, fallowed 
by a short stretch of thymidine residues, represented the optimal 
binding site for GCM. Arndt and Fink did not conclude that the 
binding of GCM, when present in higher concentrations, was
84
sequences from the upstream region of HIS4, identified as binding to 
GCÎT4 only when the protein was present in high concentrations, were 
important for general control. These results suggest relatively 
high concentrations of GCI4 protein are needed to identify all those 
sites to which the protein binds in the upstream region of any gene 
subject to general amino acid control.
The experiments using in vitro synthesised GCI4 presented in 
this thesis were based upon those described by Hope and Struhl 
discussed above. GC3T4 protein was both synthesised and assayed for 
its ability to bind to the upstream region of the LFD gene using 
materials and conditions similar to those previously reported. A 
number of the controls used in the experiments discussed above were 
however omitted from those reported here and it is important to 
recognise the absence of these controls before attempting to draw 
conclusions from the results obtained.
1. Incubation of DÎTA fragments with translation products in 
which pSP64 replaced pSP64-GCIÎ4 in the initial in vitro 
transcription and in which no RIA was included for in 
vitro translation. These two controls would have clearly 
determined whether any product of the in vitro 
transcription/translation reaction other than GOT4 protein 
was responsible for the two bands seen in lanes 1 to 3 in 
figure 4.6 or for the regions of protection seen in figure 
4.7.
85
were not assayed for there ability to bind to GCU4. This 
would have clearly determined with which fragment the 
radio-labelled protein was binding.
3. DNA fragments containing the HIS3 binding site were not 
included in the gel retardation assay as a positive 
control.
In addition to the above it should be noted that the
concentration of DNA fragments used in the gel retardation
experiment were clearly not in excess relative to the quantities of 
labelled GCU4 used thus differing from the conditions described by 
Hope and Struhl. Increased concentrations of DBA from lanes 1 to 3 
resulted in an increase in the two bands observed. If these bands 
did correspond with protein/DNA complexes they would have remained 
at a constant intensity regardless of DNA concentration had the DNA 
been in excess relative to the labelled protein.
4.5 REGULATION OF L IPO AM IDE DEHYDROGENASE BY GENERAL AMINO ACID
CONTROL
The three experiments described within this chapter were all 
designed to answer the question 'is lipcamide dehydrogenase subject 
to general amino acid control?'. Firstly, the relative levels of LFD 
mRNA were analysed before and after yeast cells were placed under 
conditions known to induce the general amino acid response.
Secondly, the ability of in vitro synthesised GCN4 protein to bind
to the upstream region of the LFD gene was assayed both by gel
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results obtained represent conclusive proof to answer the above 
question. As discussed in sections 4,2 and 4.4 all three 
experiments lacked one or more important controls needed to provide 
an unambiguous result. Hence no firm conclusion can be drawn at 
this stage concerning the regulation of lipoamide dehydrogenase by 
general amino acid control. All three experiments presented have 
produced what can perhaps best be described as suggestive results 
which should, when taken together, encourage further investigation 
to clearly determine whether the LFD gene is subject to general 
amino acid control.
The upstream sequence of the LFD gene itself represents good 
circumstantial evidence that lipoamide dehydrogenase is subject to 
general amino acid control. Previous reported work, reviewed in 
this chapter, suggests the presence of several 'TGACTC-like' 
sequences in the upstream region of a gene, as is the case with the 
LFD gene, should be sufficient to place that gene under general 
amino acid control. One experiment in particular, mentioned at the 
start of this chapter, in which it was shown TGACTC-containing
sequences were sufficient to place a gene, not normally subject to
this response, under general amino acid control imply the presence
of the sequences identified upstream of the LFD gene should be 
sufficient to place it under general amino acid control.
In conclusion it can only be said, from the results presented 
within this chapter and from the sequence data presented in chapter 
3, that the LFD gene and thus lipoamide dehydrogenase in
Saccharomyces cerevisiae represents 'a good candidate' for an enzyme
subject to the general amino acid response and one worthy of further 
study to resolve this issue.
4.6 THE ROLE OF GENERAL AM 150 ACID CONTROL IN YEAST
Regulation of lipoamide dehydrogenase by general amino acid 
control would perhaps not be totally unexpected. As discussed in 
Chapter 1 the enzyme plays an important role in the TCA cycle. 2- 
Oxoglutarate and oxaloacetate, both TCA cycle intermediates, are the 
substrates for the glutamate and aspartate families of amino acids, 
respectively. Thus, indirectly, the genes which encode enzymes 
within the TCA cycle are involved in amino acid biosynthesis. The 
co-ordinated derepression of these TCA cycle genes with those 
directly involved in amino acid biosynthesis can therefore be 
envisaged.
Unfortunately, at present, the data bases contain no upstream 
sequence data for the other yeast genes of the TCA cycle. There is 
one report that FAD-linked glutamate dehydrogenase and fumarase are 
derepressed in arginine bradytrophs (Delforge et al., 1975); this, 
however, represents the only other report suggesting that a TCA 
cycle enzyme may be subject to general amino acid control. It 
therefore remains to be seen whether other TCA cycle genes from 
S. cerevisiae contain GC1T4 binding sites and are subject to general 
amino acid control.
There have recently been three separate reports identifying the 
sequence TGACTC in the upstream region of the genes involved in 
purine biosynthesis (Gedvilaite et al., 1988; Lahti et al., 1983; 
Mvasnikov and Smirnov, 1988). The genes ADE1, ADE2, ADE3, ADE4, 
ADE5 and ADE7 all contain this six base pair sequence in their
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of these sequences are not yet available but the presence of GCIT4 
binding sequences in all of these genes strongly indicates purine 
biosynthesis is also regulated by general amino acid control.
The general amino acid response induces a 3- to 5-fold 
derepression of amino acid biosynthetic genes (Jones and Fink, 
1982), This is in comparison with derepression of 20 to 180 fold 
for many of the amino acid specific control systems present in 
yeast. In the absence of a particular amino acid the pathway 
specific regulation would thus mask the derepression by general 
amino acid control, of genes within that pathway. It has also been 
shown recently that the general amino acid response can be induced 
by growth conditions which trigger the heat shock response 
(Messenguy and Scherens, 1988). Heat shock response, first 
identified in Drosophila melancgaster (Ashburner et al., 1979), and 
now shown to operate in most, if not all, organisms (Schlesinger, 
1982; Pelham, 1985), represents another regulatory network that is 
induced by a stress signal. Furthermore, gcd and gen mutants 
affected in general amino acid control regulation are also affected 
in their thermotolerance (Hessenguy and Scherens, 1988).
The low levels of derepression induced by the general amino 
acid response, the wider role this regulatory network is now being 
shown to have, and the range of conditions which appear to induce 
the response, all suggest general amino acid control has a more 
'global' effect upon cellular physiology than that previously 
envisaged. The general amino acid control network may eventual!;/ 
prove to be part of a more extensive response to stress which 
includes heat shock response and perhaps other as yet undefined
39
genes. The inclusion of the gene encoding lipoamide dehydrogenase 
and indeed the other TCA cycle genes within such a control network 
does not seem unlikely given the important role the cycle plays in 
both the generation of ATP and the production of intermediates used 
in a variety of biosynthetic reactions.
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CHAPTER 5 DHA-BDTDIITG ACTIVITIES SPECIFIC FOR THE LPD GEHE
In Chapter three the identification of a number of sites showing 
homology to known yeast regulatory motifs, within the 5' noncoding region 
of the LPD gene, was discussed. These observations prompted a search for 
trans-acting factors which bind to these sites and modulate the 
expression of the LPD gene.
The strategy used to search for DHA-binding activities was based 
upon one used by Ruet et al. (1984). DNA-’oinding proteins were isolated 
from a yeast crude extract, prepared from YEPG grown cells, using an 
heparin-Sepharose affinity column, The protein fractions, each containing 
a complex mixture of proteins, were then assayed for specific
interactions with the LPD gene by gel retardation.
5.1 SEARCH FOR SPECIFIC DITA-BIFDIHG ACTIVITIES
The initial gel retardation studies involved a 1022 bp Sall/Kpnl 
fragment from -831 to +190. This was cut with SauSAl to give 3
fragments 648, 196 and 178 bp in length which were end-labelled with
Ca-3=PldCTP prior to incubation with the column fractions. A DNA-binding 
activity was detected which had peak activity in fraction 37. A 
retardation gel showing the mobility of SaiQkl fragments after incubation 
with increasing amounts of fraction 37 and fraction 31 is shown in 
figure 5.1. The retardation of the 648 bp fragment, by at least one DNA- 
binding activity in fraction 37, can clearly be seen. No retardation 'was 
observed with fraction 31. In this gel the two new bands (and several 
fainter bands detected on the original autoradiograph) observed on
addition of fraction 37 to the labelled D1TA, represent protein/DNA 
retardation complexes.
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Figure 5. 1. Gel retardation analysis of proteins binding to the upstream
region of the LPD gene.
The 1022 bp Sall/Kpnl fragment (-831 to +190) was digested with 
Sau3AI to generate 3 fragments of 648 bp (-635 to +12), 196 bp (-831 to 
-636) and 178 bp (+13 to +190) which were end-labelled using [32P]-dCTP. 
The mixture of fragments (containing 1 ng radio-labelled DFA) was
incubated with differing amounts of fractions obtained by heparin- 
Sepharose chromatography and run on polyacrylamide gels according to Huet 
et al., (1985). The cold carrier DÎTA was pBR322 with a Deinococcus
radiodurans DUA insert. F, free DM; C, protein/DM complexes.
Lane : 1 2 3 4 5 6 7 8 9  10 11 12
Fraction No. : - 37 37 37 37 37 37 31 31 31 31 31
Protein added (jug) : - 1 2  3 4 5 6 1 2  3 4 5
complexes was examined after the addition of increasing amounts of 
proteinase K to the fractions, confirmed the DHA-binding factors present 
in the fractions were proteins (data not shown).
5.2 FURTHER LOCALIZATION OF THE DNA BINDING SITES
In an attempt to localise the binding site of the protein retarding 
the largest of the three fragments assayed, the 643 bp Sail/SaiQM 
fragment was digested with Haelll producing two fragments 280 bp (-635 
to -355) and 367 bp (-354 to +12) in length. The result is shown in 
figure 5.2. The larger of the two fragments was clearly retarded by a 
protein in fraction 37 while the smaller fragment was not shifted 
suggesting the protein binding to the 648 bp fragment was binding
downstream of the ATaelll site,
The result of a gel retardation experiment, using three Hinfl
fragments covering the region from -245 to +190, is shown in figure 5.3. 
The two larger Hinfl fragments, representing the regions +8 to +190 and 
-245 to -113, were retarded, to differing degrees, by increasing amounts 
of fraction 37. The smallest Hinfl fragment representing a region from 
-112 to +7 appeared to be unaffected. The 1022 bp Sail/Kpnl fragment 
was digested with Taql producing 5 fragments which could be assayed 
individually for any specific protein interacting with each one.
The result of a gel retardation experiment (using a new set of
protein fractions) involving all 5 Taql fragments is shown in figure 
5.4. This shows that a protein, which had peak activity in fraction 7, 
bound to both the 165 and 236 bp fragments representing the -383 to - 





Figure 5, 2, Gel retardation using the 2 #aeIII/£aiJ3AI fragments.
The 648 bp Sau3AI fragment was digested with Kaelll to generate 2 
fragments of 280 bp (-635 to -355) and 367 bp (-354 to +8). Conditions 
were the same as those in the legend to figure 5.1. F, free DNA; C, 
protein/DNA complexes.
Lane : 1 2
Fraction No. : - 37
Protein added <pg): - 5
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Figure 5. 3. Gel retardation using the 3 Einfl fragments.
The 2 Hinfl fragments 133 bp (-245 to -113) and 120 bp (-112 to +7) 
in length and the 183 bp Hinfl/Kpnl (+8 to +190) were incubated with 
increasing amounts of fraction 37 isolated from an heparin-Sepharose 
column. Conditions were the same as those in the legend to figure 5.1. F, 
free DNA; C, protein/DNA complexes.
Lane : 1 2 3
Fraction No. : - 37 37
Protein added (jig) : - 1 2
95
Figure 5. 4. Gel retardation analysis of proteins binding to the upstream
region of the LFD gene.
The 1022 bp Sall/Kpnl fragment (-831 to +191) was digested with Taql 
producing five fragments 447 bp (-830 to -384), 236 bp (+190 to -45), 165
bp (-383 to -219), 114 bp (-218 to -105) and 59 bp (-105 to -46) in
length which were end-labelled using [33p]-dCTP. The mixture of fragments 
(containing 1 ng radio-labelled DUA) was incubated with different protein 
fractions. Conditions were the same as those in the legend to figure 5,1. 
F, free DÏTA; C, protein/DNA complexes.
Lane : 1 2 3 4 5 6
Fraction No. : 5 6 7 8 10 -
the protein fractions with which it was incubated.
5.3 USE OF INDIVIDUAL TAQl FRAGMENTS TO IDENTIFY THE SEPARATE DNA- 
BINDIHG ACTIVITIES.
In an attempt to localise the binding sites of the protein(s) 
identified in the above experiments a further set of fractions were 
isolated in a similar fashion to that described above. In this 
experiment, however, both the gradient of salt concentration and the 
fraction size were reduced in an attempt to improve the separation of 
distinct DNA-’oinding activities which may have been eluted together in 
the original fractionations. The absorbance profile of this heparin-
Sepharase fractionation run are shown in figure 5.5. The fallowing work 
was done in conjunction with Wendy Armstrong (B.Sc. honours student).
5.3.1 Results using the 114, 59 and 42 base pair fragments
The Taql fragments discussed above (excluding the 447 bp fragment) 
along with a 42 bp Taql fragment, representing the extreme 5' terminus of 
the sequenced region upstream of the LFD gene, were examined individually 
for their ability to interact with the DITA-binding activities isolated.
The gel retardation experiments using the 114, 59 and 42 bp fragments 
were shown in figures 5.6, 5.7 and 5.8 respectively. All three fragments 
are retarded to varying degrees by a protein, which peaks at fraction 34. 
The retardation observed with the 114 bp fragment, however, was much
more extensive than that seen with the other two fragments. This 
fragment contains the sequence showing homology to the HAP2 and HAP3
binding site identified by Forsburg and Guarente, (1988). The DHA- 
binding activity interacting with the 114 bp fragment could therefore be 
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Figure 5. 5. Heparin-Sepharose chromatography of a crude yeast extract.
An extract of cells of S’, cerevisiae strain DC5 grown on YEPG medium 
(20 1) was loaded onto a heparin-Sepharose column (100ml) as described in 
Chapter 2. The column was washed with column buffer containing 0.1 M 
(HHa ) :zSCU and then eluted with a linear gradient (0.1 to 0.75 M> of 
(IĤ .)i:S0<i. 125 fractions (4 ml) were collected. These were pooled in
pairs and stored for further analysis. The elution of material absorbing 
at 280 nm is shown for the gradient elution along with the salt gradient.
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Figure 5, 6. Gel retardation of the 114 bp fragment.
The 114 bp Taql fragment (-218 to -105) was incubated with different 
protein fractions isolated by heparin-Sepharose chromatography, as in 
figure 5.5. Each sample includes 0.5 ng radio-labelled DM, 0.525 pg 
protein, 1 pg poly(dl): poly(dC) carrier DM, incubated in IX footprinting 
buffer (Huet et al.,1985), for 15 min at 25°C, in a total volume of 15 pi 
prior to electrophoresis on polyacrylamide gels according to Huet et al., 
(1985).. F, free DM; C, protein/DM complexes.
Lane : 1  2 3 4 5 6 7 8 9 1 0 1 1  12
Fraction: - 2 4 6 8 10 12 14 16 17 18 19
Lane : 13 14 15 16 17 18 19 20 21 22 23 24
Fraction: 19 20 21 22 23 24 26 28 30 32 34 36
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The 59 bp Taql fragment (-105 to -46) was incubated with different 
protein fractions isolated by heparin-Sepharose chromatography, as in 
figure 5.5. Sample details as in figure 5.6. F, free DITA; C, protein/DiTA 
complexes.
Lane : 1 2 3 4 5 6 7 8 9 10 11 12
Fraction: - 2 4 6 8 10 12 14 16 17 18 19
Lane : 13 14 15 16 17 18 19 20 21 22 23 24
Fraction: 19 20 21 22 23 24 26 28 30 32 34 36
Figure 5. 7. Gel retardation of the 59 bp Taql fragment.
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A 42 bp Taql fragment from plasmid pUC18 was incubated with 
different protein fractions isolated by heparin-Sepharose chromatography, 
as in figure 5.5. Sample details as in figure 5.6. F, free DNA; C, 
protein/DifA complexes.
Figure 5. 8. Gel retardation of a 42 bp fragment.
Lane : 1 2 3 4 5 6 7 8
Fraction : — 2 6 10 14 17 19 21
Lane : 9 10 11 12 13 14 15 16
Fraction : 23 26 30 34 38 42 46 50
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prepare the fractions. Cells were grown on YEPC-, a iron-fermentable 
carbon source, which would induce the synthesis of these two proteins. 
In addition, it has been shown that HAP2 and HAPS can be isolated from 
crude extracts of yeast cells grown on non-fermentable carbon sources 
(Forsburg and Guarente, 1988). The 114 bp fragment also contains the two 
sites showing some homology to the ADR1 binding site. By the same 
arguments as those presented for the HAP2 and HAPS proteins, the ADS1 
protein is a possible candidate far the protein binding to the 114 bp
fragment as the regions of homology to the ADR1 binding site identified 
in the upstream region of the LED gene are also present within this 114 
bp fragment.
An alternative proposal to explain the results of figures 5.6, 5.7
and 5.8 is that the activity in fraction 34 represents a non-specific DITA
binding protein, not totally competed off by the carrier DUA, which for
some reason binds with a greater affinity to the 114 bp fragment. The 
DUA/protein complexes formed by the 114 bp fragment and, to a lesser 
extent, the 59 bp fragment are similar to the type obtained when a
protein is binding to a fragment several times. An example of this is
seen in the E. call lac repressor-operator interactions described in one
of the first papers to use gel retardation assays (Fried and Crothers, 
1981). Increasing amounts of the lac repressor produced a 'ladder' of 
protein/DHA complexes as more protein bound to each DITA fragment.
The pattern of retardation complexes can be seen again in figure 5.9 
in which the 114 bp and the 165 bp Taql fragment were incubated with 
increasing amounts of fraction 34 and 19 respectively. The 165 bp
fragment was retarded by fraction 19 (see below) to give two protein/DiJA 
complexes and increasing amounts of the fraction did not alter this 
pattern. In contrast, the formation of several distinct complexes which
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the 114 bp fragment. This might indicate that the 114 bp fragment 
contains several sites for a regulatory protein as seen in the GAL1—GAL10 
promoter (St, John and Davis, 1984), or that the fragment is binding a 
non-specific DJTA-binding protein more than once. A search for the 
presence of this DNA-binding protein in fractions isolated from a YSPD 
culture, which will contain much less HAP2 or HAPS proteins, may resolve 
this issue.
5.3.2 Results obtained using the 165 and 236 base pair fragments
Figures 5.10 and 5.11 show the gel retardation results obtained 
using the 165 and 236 bp fragments. Beth fragments were retarded by a 
DilA-binding activity with peak activity in fraction 19. Furthermore, 
both fragments show similar retardation complexes each consisting of two 
intense bands above two fainter bands. This is shown again in figure 
5.12 in which both fragments were run on the same gel. In an experiment 
in which the amount of fraction 19 added to the 165 bp fragment was 
varied, shown in figure 5.9, no protein/DUA complexes were observed above 
the two main complexes identified with increasing amounts of the protein 
fraction. These results support the proposal that the same protein was 
binding to both fragments. Further evidence to support this conclusion 
came from an experiment in which the 165 and 236 bp fragments were 
mixed together prior to their incubation with fraction 19. This is shown 
in figure 5.13, The two fragments, individually bound to the protein in 
fraction 19 to give DITA/protein complexes of similar intensity. When the 
fragments were mixed the intensity of each band decreased indicating the 
two D¥A fragments were competing for the same protein. The central band 
appeared stronger due to the additive effects of the upper and lower
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Figure 5. 9. Gel retardation of the 165 and 114 bp fragments.
The 165 bp (lanes 1 to 12) and 114 bp (lanes 13 to 24) Taql
fragments were incubated with increasing amounts of fraction 19 and
fraction 34, respectively, isolated by heparin-Sepharose chromatography, as 
in figure 5.5. Sample details as in figure 5.6. F, free DUA; C,
protein/DiTA complexes.
Lane : 1 2  3 4 5 6 7 8 9  10 11 12
Protein Cpg) : 0 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.8 1 1.5 2.0
Lane : 13 14 15 16 17 18 19 20 21 22 23 24
Protein (pg) : 0 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.8 1 1.5 2.0
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fragment size was presumably responsible for the different mobility of 
the complexes, observed for the two fragments.
The 165 bp fragment contains two copies of the GC1I4 binding site. 
GCN4, however, is unlikely to be responsible for the observed retardation 
complexes. The protein fractions were isolated from the crude extract of 
a yeast culture grown on YEPG. Under such growth conditions GCN4 
synthesis is repressed (Hinnebusch and Fink, 1983). In addition, the 
concentration of GCJT4 protein in the cells is known to be very low even 
during amino acid starvation conditions when the synthesis of the protein 
is induced (Ian Hope, personal communication). Antibodies, raised against 
GCII4 protein synthesised in vitro, have so far failed to detect its 
presence in yeast cells giving an indication of the low levels of GCIT4 
present (Ian Hope, personal communication). The retardation complexes 
are, therefore, almost certainly not due to GC1T4 protein.
The 165 bp fragment also contains two copies of the sequence 
CACGTGA known to be involved in the regulation of other yeast genes 
(Heller et al., in press). As discussed in Chapter 3 this is very similar 
to the sequence TCAC(G/A)TG, identified as the core of a consensus 
sequence involved in yeast centromere structure and refered to as 
centromere DIA element I (CDEI) and representing the binding site of 
centromere-binding protein 1 (CPI), (Buchman et al., 1988). Furthermore, 
the 236 bp fragment contains the sequence TCACATGA covering the region 
from +75 to +82 in the LPD gene. These sequences, therefore, represent a 
possible site at which the protein, present in fraction 19, was binding.
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Figure 5. 10. Gel retardation of the 165 bp fragment.
The 165 bp Taql fragment (-383 to -219) was incubated with different 
protein fractions isolated by heparin-Sepharose chromatography, as in 
figure 5.5. Sample details as in figure 5.6. F, free DNA; C, protein/DNA 
complexes.
Lane : 1 2 3 4 5 6 7 8
Fraction : 2 4 6 8 10 12 14
Lane : 9 10 11 12 13 14 15 16
Fraction : 16 17 18 19 20 21 22 23
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Figure 5. 11. Gel retardation of the 236 bp fragment.
The 236 bp îaql fragment (-46 to +190) was incubated with different 
protein fractions isolated by heparin-Sepharose chromatography, as in 
figure 5.5. Sample details as in figure 5.6. F, free DUA; C, protein/DHA 
complexes.
Lane 2  3  4 5  6  7 8
Fraction : — 2 4 6 8 10 12 14
Lane
Fract i o n
9 10 11 12 13 14 15 16
16 17 18 19 20 21 22 23
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
3 »  : x  - r •  •  •  t  *  *
-4» m m  *  4 l é #
C |
F *l
Figure 5. 12. Gel retardation of the 165 and 236 bp Taql fragments.
The 165 bp (lanes 1 to 8) and 236 bp (lanes 9 to 16) Taql fragment 
were incubated with different protein fractions isolated by heparin- 
Sepharose chromatography, as in figure 5.5, Sample details as in figure 
5.6. F, free DUA; C, protein/DIÎA complexes.
Lane : 1 2 3 4 5 6 7 8
Fraction : 17 18 19 20 21 22 23
Lane : 9 10 11 12 13 14 15 16
Fraction : - 17 18 19 20 21 22 23
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Figure 5. 13. Gel retardation of the 165 and 236 bp Taql fragments mixed 
together.
The 165 and 236 bp Taql fragments were incubated both separately and 
together with fraction 19 isolated by heparin-Sepharose chromatography, as 
in figure 5.5. Sample details as in figure 5.6. F, free DHA; C, 
protein/DUA complexes.
Lane : 1 2 3 4 l;
Fragment : 165 240 165 240 165/240
Fraction : - - 19 19 19
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5.3,3 Competition experiments to investigate the location of binding sites 
in the 165 and 236 base pair fragments
A 23 bp synthetic oligonucleotide with the sequence 
ATTCACGTGAA (T/A)TTCACGTGAAT was constructed in an attempt to investigate 
the location of binding sites for the protein present in fraction 19. The 
oligonucleotide, is very similar to the sequence from -282 to -260 within 
the LPD gene and contains two perfect copies of the CPI binding sequence. 
The palindromic nature of the molecule allowed it to self anneal. Indeed, 
analysis of the oligonucleotide by agarose gel electrophoresis revealed it
was already predominantly double stranded when obtained from the QWSVEL
DFA synthesis service (result not shown). This annealed oligonucleotide 
was used in competition experiments to establish if increasing amounts of 
unlabelled double stranded oligonucleotide could compete for the protein
binding to the 165 and 236 bp fragments.
The result of the competition experiment are shown in figure 5.14. 
The annealed oligonucleotide showed a limited ability to compete for the 
protein. Even when present in quantities equivalent to 100-fold molar 
excess, with respect to the putative binding site, the double stranded 
oligonuceotide was unable to prevent the formation of a small amount of 
labelled DNA/protein complex. The 23 bp fragment was blunt-end ligated 
and the competition experiment repeated to investigate whether the length 
of the competing molecule affected its ability to compete for the D1TA- 
binding protein. The results of this experiment are shown in figure 5.15. 
The ligated double stranded oligonucleotide proved to be a better 
competitor for the protein binding to the 165 and 236 bp fragments 
indicating that the increased length of the competing molecule did 
improve its ability to compete for the DNA-binding protein present. No 
estimate was made of the length of the ligated double stranded
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Figure 5, 14- Competition experiment- using annealed synthetic
oligonucleotide.
Increasing amounts of the oligonucleotide were added to 0.5 ng of the 
165 or 236 bp Taql fragment prior to incubation with 1.05 jig of fraction 
19 isolated by heparin-Sepharose chromatography, as in figure 5.5. Sample 
details as in figure 5.6. Lanes 1 and 11 contain no protein fraction. 
Lanes 1 to 8 contain 165 bp fragment and lanes 11 to 18 contain 240 bp 
fragment. F, free DIT A; C, protein/DITA complexes.
n a n i  i • a *
Lane : 1 2 3 4 5 6 7 8
Oligonucleotide (ng): - - 0.1 0.5 1.0 2.0 5.0 10
Lane : 10 11 12 13 14 15 16 17 18
Oligonucleotide (ng): - - - 0 . 1 0 . 5 1. 0 2. 0 5. 0 10
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Figure 5. 15. Competition experiment using ligated annealed synthetic
oligonucleotide.
Increasing amounts of the oligonucleotide were added to 0.5 ng of 165 
or 236 bp Taql fragments prior to incubation with 1.05 pg of fraction 19 
isolated by heparin-Sepharose chromatography, as in figure 5,5. Sample 
details as in figure 5.6. Lanes 1 and 9 contain no protein fraction. 
Lanes 1 to 8 contain 165 bp fragment and lanes 9 to 16 contain 240 bp 
fragment. F, free DITA; C, protein/DIiA complexes.
Lane : 1 2 3 4 5 6 7 8
Oligonucleotide (ng): - 0.1 0.5 1.0 2.0 5.0 10
Lane : 9 10 11 12 13 14 15 16
Oligonucleotide (ng): - - 0.1 0.5 1.0 2.0 5.0 10
1 1 2
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
c »
i
Figure 5. 16, Cois pétition experiment using a pBS322 plasmid containing a 
Deinococcus radiodurans insert.
Increasing amounts of the plasmid DiJA were added to 0.5 ng of 165 or 
236 bp Taql fragments prior to incubation with 1.05 pg of fraction 19 
isolated by heparin-Sepharose chromatography, as in figure 5.5. Sample 
details as in figure 5.6. Lanes 1 and 10 contain no protein fraction. 
Lanes 1 to 8 contain 165 bp fragment and lanes 10 to 17 contain 236 bp 
fragment. Lane 9 is blank. F, free DUA; C, protein/DNA complexes.
Lane . - 1 2 3 4 5 6 7 8
Plasmid. DISTA <ng) : - - 0. 1 0. 5 1. 0 2. 0 5. 0 10
Lane : 10 11 12 13 14 15 16 17
Plasmid DNA (ntr): - - 0. 1 0. 5 1. 0 2 . 0 5. 0 10
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agarose gel (results not shown). The competition experiment was repeated 
using an equivalent amount of a pBR322 plasmid derivative containing a 
D M  fragment from the bacterium Deinacoccus radiodurans. The results of 
this experiment are shown in figure 5.16. No significant competition for 
the protein binding to the 165 and 236 bp D M  fragments, as assayed by 
the disappearance of the observed retardation complexes, was detected 
using this plasmid D M  as a competitor. The significance of these three 
competition experiments will be discussed below in a critical review of 
the experiments presented in this chapter.
5.4 CRITICAL ANALYSIS OF THE EXPERIMENTS PERFORMED AND SUGGESTIONS
FOR IMPROVEMENT OF EXPERIMENTAL DESIGN
The decision to fractionate a yeast crude extract using heparin- 
Sepharose affinity chromatography, prior to assaying for specific 
proteins which interacted with the upstream region of the LFD gene by gel 
retardation, will be discussed in the final chapter as part of a more 
general discussion of approaches to the analysis of a regulatable 
promoter. Alternative techniques to assay for DM-binding proteins will 
also be presented in chapter 6, This section will therefore be confined 
to a critical review of the experimental approaches used to determine the 
specificity of the DM-binding activities detected, by gel retardation 
experiments, and to suggestions for alternative approaches to demonstrate 
the specificity of protein/DM interactions using gel retardation.
All of the results presented in this chapter demonstrate that the 
fractions, isolated from crude yeast extract and purified by heparin- 
Sepharose affinity chromatography, contain proteins capable of retarding 
the labelled D M  fragments with which they were incubated. The next step
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once protein-DIA interactions had been detected was to determine the 
specificity of these interactions as a wide range of non-specific DIA- 
binding proteins could be responsible for the observed retardation 
complexes, The initial technique used to demonstrate the specificity of 
the protein/DIA interactions involved the use of more than one DIA
fragment in a particular gel retardation assay. The assertion here was 
that if one or more of the fragments included in the assay was not 
shifted the retardation of the other fragment (s) would represent specific 
binding. It was also envisaged that such an approach, involving the use 
of several different restriction digests of the same upstream DIA
fragment prior to gel retardation, would help to locate the site of 
binding of any specific DIA-binding protein.
In the gel retardation assays presented in figures 5.1, 5.2, 5.3 and
5.5 four different sets of restriction fragment, covering different 
sections of the 1022 bp Sall/Kpnl region, were used in an attempt to both 
localize the detected DIA-binding activity and to demonstrate specificity. 
In all four of the figures presented, however, the retarded fragments 
represented the largest fragments present in the assay. It is therefore 
possible that the preferential retardation of the respective fragments in 
each assay occured simply due to the larger size of these fragments.
This criticism can also be extended to the remainder of the results
presented in this chapter. In figures 5.6 to 5.16 Taql DIA fragments
were used to assay for DIA-binding 'proteins present in heparin-Sepharose 
fractions. Again the only results in which proteins bound preferentially 
to DIA fragments involved the largest fragments used in this series of 
experiments (as already discussed earlier the binding activity observed 
in figures 5.6, 5.7, and 5.8 may be non-specific as retardation activities
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were observed with all the fragments tested (results for the 236 and 165 
bp fragments not shown)).
The nature of the results obtained in the gel retardation 
experiments presented in this chapter, which involved the total 
retardation of larger fragments while smaller fragments remained 
unaffected, suggest some form of preferential protein/DUA interaction is 
taking place. Without results demonstrating the retardation of small 
fragments relative to larger fragments which remain unshifted though no 
firm conclusions, regarding the specificity of the DJTA-binding proteins 
identified, can be reached from the results presented.
An alternative approach to attempt to demonstrate the specificity of 
the DSA-binding proteins which retard the 236 and 165 bp fragments
involved the use of a 23 bp oligonucleotide. This molecule was designed 
to be both palindromic (and thus capable of self-annealling) and to 
contain two copies of the sequence TCACGTGA similar to a region found 
within both the 165 and 236 bp Taql fragments. A sequence similar to
this has also been shown to have a role as a DUA-binding site in other
yeast genes (see section 5.3.4). Increasing amounts of the double 
stranded oligonucleotide were clearly able to compete with the
radiolabelled Taql fragments for the DUA-binding protein.
The results presented in figures 5.14 and 5,15 do not however 
demonstrate the specificity of the DUA-binding protein for the two Taql 
fragments. This is because the only control used in these competition 
experiments, shown in figure 5.16, was a pBS322~derived plasmid, 
containing a D. radiodurans insert, used to show a similar amount of 
unrelated DNA (in terms of mass) did not significantly compete for the 
DHA-binding protein retarding the 165 and 236 bp fragments. The use of 
this DFA-species as a control for the results obtained using the double
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competing DNA molecules used differ in both size and DHA conformation. 
As nothing is known about the parameters affecting the DFA-binding
protein which interacts with the 165 and 236 bp fragments, the only 
valid control would be an oligonucleotide of the same length as that used 
in figures 5,14 and 5.15 which contained an unrelated nucleotide sequence. 
Thus the results presented in these three figures are again insufficient 
as evidence to demonstrate the specificity of proteins binding to DilA 
fragments upstream of the LPD gene.
How then could the identification of specific protein/DITA 
interactions be demonstrated? The first approach discussed above would 
have demonstrated specific protein/DITA interactions if a fragment of 
intermediate size had been retarded. A non-specific binding activity 
would be expected to retard all of the DUA fragments present and the
observation that larger fragments remained unshifted would exclude the 
possibility that the size of the fragment was responsible for its 
specific retardation.. The use of different restriction digests to
produce different families of DITA fragments could thus be used to 
investigate the specificity of the DHA-binding proteins identified by gel 
retardation. If the larger fragments present in each set of digests
continue to be retarded it would have to be concluded that the DITA- 
binding proteins are non-specific.
An alternative approach to demonstrate specificity, representing an 
extension of the oligonucleotide competition studies discussed above, has 
been described by Hennighausen and Lubon (1988). Following the 
retardation of a particular DilA fragment during gel retardation a similar 
assay is performed in which increasing amounts of the same DITA fragment, 
which has been end-filled (to avoid any affects 3' or 5' overhangs might
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have ) but not 4-
incubation with the DFA-binding protein. The unlabelled, fragment should 
compete for the DNA-binding activity resulting in the disappearance of 
labelled protein/DIA complex as the amount of unlabelled fragment added
fragment in question can then be demonstrated if an unrelated fragment of 
the same length fails to compete for the binding activity to the same
conformation between the two DHA species used as competitors needs to be 
stressed. The use of a very different DÎIA species as a control is not 
valid. This approach could thus be used to examine the specificity of 
the proteins binding to the 165, 236, and 114 bp TaqI fragments. These 
two methods should clearly determine the specificity of the DNA-binding 
proteins identified by gel retardation assays in this chapter. In the 
final chapter a review of the range of other techniques available to both 
isolate DHA-binding proteins and assay for specific protein/DNA 
interactions will be presented and related specifically to the LPD gene.
The conclusions drawn from the results presented in this chapter, 
bearing in mind the criticisms presented in this section, are therefore 
similar to those discussed at the end of chapter 3. A series of 
experiments intended to investigate aspects of the regulatory apparatus 
of the LPD gene, in this case the binding of specific proteins to the 5' 
end of the gene, have provided suggestive but not conclusive results. 
Proteins have been identified which bind to this upstream region but the 
specificity of these interactions has not been unambiguously 
demonstrated.
is increased. The specificity of the BITA-binding protein for the
degree. Again the importance of th imilarity in size and DIIA
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CHAPTER 6 DISCUSSIOff
The initial observation, presented in this work, was the identification of 
the LFD gene as the structural gene for lipoamide dehydrogenase in 
Saccharomyces cerevisiae, D M  sequence analysis of a 2.7 kb region, part of a
5.5 kb fragment which complemented the Ipd phenotype, revealed the presence of 
a 1,5 kb open reading frame. The amino acid sequence encoded by this open 
reading frame showed strong homology to the primary sequences of lipoamide 
dehydrogenase from E. coli, A. vinlandii and pig heart. Comparison of the D M  
sequence representing the 5' flanking region of the LFD gene with previously 
identified sequences, known to have a regulatory role in other yeast genes, 
revealed several sites of homology suggesting the LFD gene might have 
regulatory cis-acting elements upstream of the 1.5 kb open reading frame 
encoding lipoamide dehydrogenase.
The approaches used to study the regulation of the LFD gene have been 
described and the results obtained discussed in chapters 4 and 5. In this 
final chapter, therefore, the experimental approaches currently available for the 
study of a regulatable promoter in yeast will be discussed. This discussion 
will be related specifically to the LFD gene and will thus form a framework for 
future directions in the study of the regulation of this gene.
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6.1 AH ALTS IS OF LPD EXPRESS IOH 1JHDES DIFFEREHT COHDITIOHS
Before any firm conclusions regarding the elements involved in the
regulation of the LPD gene can be reached some knowledge of the rates of LPD 
expression under different growth conditions is required. Currently the only 
information regarding rates of LPD expression in yeast during growth under 
different conditions is the analysis of transcript levels during amino acid
starvation conditions described in section 4.2 of this thesis and the data 
described by Roy and Dawes (1987) which suggest the LPD gene is subject to 
catabolite repression. A much more extensive analysis of rates of LPD
expession is required prior to the development of experiments to investigate 
the regulatory apparatus of the LPD gene. As discussed in section 4.2 any such 
analysis must include the use of loading controls to ensure any differences in 
LPD transcript abundance are not due to loading differences.
The rates of LPD expression need to be tested under a wide variety of 
conditions. As discussed in section 4.2 a more thorough analysis of LPD
transcript levels during amino acid starvation is needed to resolve whether or 
not lipoamide dehydrogenase is regulated by the general amino acid control 
network, An analysis of rates of LPD transcription during growth on a wide 
variety of carbon sources, such as glucose, galactose, acetate, pyruvate, 
glycerol, succinate and ethanol, is also needed. A range of other factors may 
also be involved in controlling LPD expression including cofactors such as 
FADHsj, HADH and lipaamide. The effect of heat shock and the presence or
absence of oxygen upon LPD transcription could also be examined. The
observation that 2-oxoglutarate dehydrogenase activity decreases during
sporulation initiation led to the current investigation of lipoamide
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dehydrogenase regulation (Dickinson et al., 1986) and it would be interesting to 
now examine haw the rate of LPD transription is affected by this developmental 
process.
Perhaps the most interesting aspect of the lipoamide dehydrogenase enzyme 
is its role in more than one multienzyme complex. As yet no data are available 
on the ratio of pyruvate dehydrogenase to 2-oxoglutarate dehydrogenase in yeast 
during growth on different carbon sources. In E. coli the ratio of these two 
enzymes differs significantly depending on the carbon source (see section 1.3). 
Investigation of the ratio of the specific activities of these two multienzyme 
complexes during growth on pyruvate and acetate and the corresponding rate of 
LPD transcription should be examined. Antibodies have been raised against all 
the subunits of the pyruvate dehydrogenase and 2-oxoglutarate dehydrogenase 
complexes in yeast (Hunter and Lindsay, 1986) and could be used to monitor 
protein levels of the two complexes as an alternative to enzyme assays which, 
for 2-oxoglutarate dehydrogenase particularly, can be difficult to perform 
reproducibly (Ian Dawes, personal communication).
Combinations of growth conditions also need to be examined. It will be 
also be particularly interesting to observe how potentially conflicting stimuli 
affect LPD expression. Far example growth on glucose might be expected to 
depress LPD expression while amino acid starvation may derepress expression. 
Thus analysis of LPD expression during growth on glucose with amino acid 
starvation conditions should reveal (if both regulatory mechanisms do affect 
LPD expression) which stimulus has the greater effect.
In addition to an analysis of transcript levels the specific activity of 
lipoamide dehydrogenase under the conditions discussed above needs to be
investigated, Lipoamide dehydrogenase specific antibodies, used by Roy and
Davies (1987), to study the level of lipoamide dehydrogenase protein present in 
yeast cells during growth on different carbon sources, could also be used for 
similar investigations under the conditions discussed here. Measurement of 
lipoamide dehydrogenase protein levels and specific activity, when combined 
with transcript analysis data, should help to determine whether post- 
transcriptional and/or post-translational levels of control are involved in
regulating lipoamide dehydrogenase specific activity.
A further approach to those discussed above, and one similar to that used 
in the study of many other regulatable promoters, involves placing the gene for 
an easily assayed protein, such as the lacZ gene which encodes p-galactosidase, 
downstream of the 5' region of the LFD gene. Such a gene fusion once
integrated into the yeast genome could be used to examine the nature of the LFD
promoter by assaying for {3-galactosidase activity under the conditions 
discussed above. It is important to remember, however, that such an approach, 
although convenient, represents an artificial situation. Accordingly, data 
obtained using gene fusions should be backed up subsequently by an analysis of 
transcript levels.
Finally the location of the 5' and 3' termini of the LFD transcript have not 
yet been determined. The transcription termini represent an important 
characteristic of any gene and their location needs to be established by both 
primer extension and SI nuclease mapping as one of the first steps in any 
further analysis of the LFD gene and its regulation. Once a more comprehensive 
study of the rate of LPD transcription under the conditions discussed above has 
been completed the elements involved in mediating the regulation of the LPD 
gene can be studied effectively.
6.2 METHODS TO IDENTIFY CIS^-ACTING ELEMENTS AMD TRAFS-A.CTIMG FACTORS 
INVOLVED IN THE REGULATION OF THE LPD GENE IN YEAST
In this section the different methods that have been developed for the 
analysis of the elements of regulatable promoters in yeast will be discussed. 
It should also be noted that the various different yeast regulatory mutants 
which have now been isolated could also be used to investigate LFD regulation 
As the control mechanisms involved in the regulation of other /east genes have 
been investigated mutants, such as gcn4 (Hinnebusch and Fink, 1983) and hap2 
(Pinkham and Guarente, 1985), which affect specific control networks have been 
identified. Once the rate of expression of the LFD gene under different 
conditions has been determined as discussed above the investigation of the 
effect regulatory mutants such as these have upon LFD expression represents a 
powerful method for studying the control networks involved in the control of 
this gene and one which should be used in combination with the approaches 
discussed below.
6.2.1 Isolation of protein fractions containing DMA-binding activities
The most common method used for obtaining proteins which can then be 
assayed, by a variety of techniques (see below), for their ability to bind 
specifically to the regulatory regions of yeast genes involves the isolation of 
a nuclear extract. Most methods for nuclear extract isolation are based upon 
that of Dignam et al. (1983) and involve an initial disruption of the cells 
followed by wash steps to remove the cytoplasmic contaminants from the nuclei 
before the salt extraction of nuclear proteins and finally dialysis of the 
extract to obtain a suitable salt concentration for performing DMA-binding 
studies. Dignam et al, (1933) showed the optimal salt concentration for 
extraction of nuclear proteins for use in In vitro transcription studies was 
420 mM MaCl. At this ionic strength, partial lysis of nuclei and a high 
concentration of total extracted protein is observed. This methods with slight 
variations has since been used by many workers to isolate DMA-binding proteins 
involved in the regulation of gene expression from both yeast and higher 
eukaryotes.
The main advantage of this method is its speed and relative simplicity 
making it a good first step in the investigation of proteins involved in the 
regulation of a particular gene. It can also be used to rapidly obtain DMA- 
binding proteins present in nuclear extracts during growth under many different 
growth conditions. Disadvantages include the low concentration of specific 
DMA-binding proteins relative to the total protein concentration. Thus the 
method used to assay for the presence of a specific protein (see below) must be 
very sensitive. Also, no separation of nuclear proteins is involved preventing 
any distinction between proteins which bind to the same site from one another.
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In addition to the purification of trans-acting factors based upon their 
subcellular location, a variety of affinity chromatographic approaches have been 
used to further purify particular DHA-binding proteins. Different substrates 
have been used to isolate DRA-binding proteins including DUA-cellulose (Alberts 
and Herrick, 1971), heparin-agarose (Ruet et al,, 1984) and specific DHA 
fragments or oligonucleotides, based upon protein/DIA binding studies (see 
below) bound to cellulose (Rosenfeld and Kelly, 1986; Kadonaga and Tjian, 1986). 
Proteins binding to a particular column are subsequently eluted using increasing 
salt concentrations and the protein fractions obtained assayed for specific 
interaction using radiolabelled DUA fragments (see below). This approach has 
two main advantages over nuclear extract isolation. Firstly, the protein(s) of 
interest can be isolated at a higher concentration of the total protein present 
than by nuclear extract isolation and, secondly, the separation of DiTA-binding 
proteins into different fractions should allow proteins with the same D1TA 
target site to be distinguished. The main disadvantage of this method, when 
compared with nuclear extract isolation, is the time required to obtain and 
assay a series of protein fractions. In addition, protein-protein interactions, 
which may be important in vivo, may be lost due to the separation of proteins 
into different fractions. The use of the affinity chromatography approach to 
identify specific trans-acting factors is thus perhaps best used as a secondary 
approach following initial investigations using nuclear extracts.
Heparin-sepharose affinity chromatography of yeast crude extract was used 
in the experiments described in chapter 5 primarily on the basis of the 
potential complexity of the LPD promoter. It was reasoned that if all of the
sites, identified as showing homology to other yeast regulatory sequences, were
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binding sites for trans-acting factors, results using nuclear extracts
containing all of these proteins would be difficult to interpret. In addition,
other workers had used this approach successfully as a first step in the 
isolation of class C transcription factor (Euet et al., 1934; Huet et al., 1985), 
and had produced gel retardation assay and DNasel footprinting results of a 
very high quality relative to many other reports. With hindsight, the length of 
time required to isolate and assay the different protein fractions obtained 
along with the potential importance of protein-protein interactions in gene
regulation, make the use of the nuclear extract isolation approach an attractive 
alternative to the method used and one that should be considered in any further 
investigation of proteins binding to the upstream region of the LPD gene.
6.2.2 Assays for specific pratsin/DSA interactions
Several methods have been developed to assay for specific protein/DlTA
interactions. The first technique developed for this purpose was nitro­
cellulose filter binding described by Jones and Berg (1966). This assay is
based upon the differential binding of proteins and double stranded D¥A to 
nitro-cellulose at a wide range of ionic strengths. Uearly all proteins bind to 
nitro-cellulose whereas double stranded DiJA does not bind above 10 mit ITaCl.
When labelled DSA fragments are incubated with appropriate dilutions of 
solutions of DUA-binding proteins and protein/DITA complexes are separated from 
free DilA by adsorption to nitro-cellulose. After elution from nitro-cellulose 
filters filter bound OTA can be visualised by gel electrophoresis and
autoradiography. Specific protein/OTA interactions are observed as
preferentially retained OTA fragments. This specificity can be confirmed by 
competition experiments (Hennighausen and Lubon, 1983). Unlabelled OTA
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fragments, which are otherwise identical to those binding to proteins and thus 
to the nitrocellulose filters, are used to compete with the labelled D M  
molecules for protein binding sites, If a protein/DM interaction is specific 
this will be seen by the inability of an unrelated D M  fragment of the same 
size to compete equally well for the DM-binding protein, This competition 
assay is similar to the one described for gel retardation assays in section 5.4, 
Unspecific DJTA-protein interactions can be supressed by the addition of 
unlabelled non-specific DM,
The main advantage of this method is that it allows a rapid screening of 
several D M  fragments (up to 5 kb) simultaneously. The method is thus useful 
as an initial screen for the presence of specific DM-binding proteins which 
bind anywhere within a relatively large region of DM. It is of less use in 
determining the exact location to which a protein binds and cannot be used to 
determine the number of proteins binding to any one particular D M  fragment.
A more recently developed technique which has been used extensively in the 
study of protein/DM interactions is gel retardation or mobility shift assay 
(Garner and Revzin, 1981; Fried and Crothers, 1981). This technique has been 
used and discussed in chapters 4 and 5 and will thus only be described breifly 
here. The technique relies upon the retarded mobility of D M  fragments when 
bound to one or more proteins relative to naked D M  during electrophoresis on 
native agarose or polyacrylamide gels. Thus radio-labelled D M  fragments can 
be used to assay for specific protein/DM interactions. Again non-specific 
unlabelled D M  such as poly (dl) :poly (dC) can be included in the assay to prevent 
non-specific protein/DM interactions.
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Gel retardation is a rapid simple and very sensitive assay. The major 
advantage this method has over the nitro-cellulose binding assay is the ability 
to identify the binding of several proteins to one labelled D M  fragment. 
Protein/DM complexes display differing mobilities depending upon the number of 
proteins bound to a particular D M  fragment. Once again competition 
experiments (see section 5.4) can be used to demonstrate the specificity of a 
particular protein/DM interaction. One disadvantage of this method is the 
limited size of DUA fragment which can be used, D M  fragments larger than 1 
kb are not normally used as they fail to migrate through the gel when complexed 
with protein.
Gel r;rtardation has also been combined with Dfase I footprinting (Galas and 
Schmitz, 1978) which can be carried out an DM/protein complexes cut from the 
polyacrylamide gel (Singh et al., 1986), Again the basic method for DUase I 
footprinting has been discussed previously in chapters 2 and 4, Briefly 
footprinting by DHase I involves the incubation of an asymetrically labelled 
D M  fragment with DM-binding proteins followed by partial digestion of the 
D M  with DNase I. The partially digested D M  fragments are then denatured and 
run on a sequenceing gel. Proteins binding to the D M  block the nicking of DITA 
strands by steric hinderance of the enzyme. Protein protected regions are seen 
as regions of missing bands or 'footprints' when compared to digestions in the 
absence of binding protein. This method has the advantage of allowing the 
detection of multiple protein binding sites simultaneously. The major 
disadvantage of this method is its low sensitivity requiring 70 to 80% of the 
D M  molecules to be complexed with the binding protein(s) to permit detection 
of a significant difference in band intensity.
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A variation on the use of DNase I for footprinting takes advantage of the 
nuclease activity of the 1,10-phenanthroline-copper ion and the subsequent 
quenching of this activity using 2 ,9-dimethyl-1,10-phenanthroline (Kuwabara and 
Sigman, 1987), Essentially the method is the same as that for DNase I 
footprinting with the replacement of the enzymic activity with a chemical 
nuclease. This chemical method has two main advantages over DNase I 
footprinting. Firstly, the chemical nuclease activity results in a better 
'ladder' of DNA fragments as unlike DNase I it nicks double stranded DNA totally 
independently of DNA sequence. Secondly, the method allows a complete 
retardation gel to be treated to create nicked DNA prior to excision of a 
DNA/protein complex. This is useful when a long exposure to identify a 
DNA/protein complex is necessary as it avoids any pertubation of the footprint 
by protein denaturation.
Exonuclease III footprinting represents another method which involves 
detection of DNA/protein complexes by the protection of the DNA from a nuclease 
(Vu, 1985). This technique however is considerably more sensitive than the 
DNase I or chemical footprinting methods discussed above. Exonuclease III is a 
progressive 3' to 5' exonuclease strictly dependent on double stranded DNA. 
Normally naked DNA is degraded from both 3' ends until two exonuclease 
molecules collide, releasing two approximately half-sized single stranded DNA 
fragments (Kornberg, 1980). Thus, if proteins are bound specifically to 
asymmetrically 5' end-labelled double stranded DNA, exonuclease III digestion 
stops can be mapped on denaturing urea polyacrylamide gels as new bands which 
should correspond to the borders of protein protection in DNase I footprinting 
experiments. Exonuclease III footprinting has a major advantage over DNase I
or chemical footprinting as unlike both these techniques, which are 'negative 
assays' relying upon differences in band intensity for detection, exonuclease III 
footprinting requires as little as 1% protection to allow detection of 
protein/DIA complexes.
All four of the techniques discussed in this section could be used in the 
further investigation of the LPD promoter. As discussed in chapters 4 and 5 
gel retardation results require careful use of controls and competition 
experiments to demonstrate specific protein/DIA interactions. This also applies 
to nitrocellulose filter binding experiments. Both these techniques could be 
used to screen further protein extracts prepared using the approaches discussed 
in the preceeding section. The different footprinting techniques would then 
represent the next step in localising protein binding sites and determining the 
number of sites to which any specific protein(s) are binding.
6.2.3 In vivo analysis of protein/DIA interactions
An alternative approach to examining the interaction of DIA-binding
proteins with specific fragments in vitro is to attempt to examine in vivo 
protein/DIA interactions. The technique of in vivo footprint.ing has been used 
for this purpose. The method is an adaption of the technique of genomic 
sequencing developed by Church and Gilbert (1984), to analyse CpG residues for 
methylation of the cytosines in the genome (Giniger et al., 1985). Briefly,
whole living cells are reacted with dimethylsulphate (DMS) to partially 
methylate guanine residues within the nucleus. DIA is then purified, digested 
with a restriction enzyme of choice and chemically cleaved at positions of
methylated guanines with piperidine. The resulting fragments are separated on
a denaturing polyacrylamide gel, transferred to a nylon membrane by
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electroblotting and covalently crosslinked to the membrane with UV light. In 
order to visualise the pattern of genomic guanine residues (genomic sequence) 
of interest, the membrane is then hybridised against a short single stranded 
radiolabelled DU A probe that abuts the chosen restriction fragment. The 
intensity of each band of the genomic sequence reflects the reactivity of its 
corresponding guanine residue towards methylation by DMS. Apparent protection 
or enhancement of methylation at specific guanine residues (in comparison to a 
reference pattern obtained by treating naked genomic DIA with DMS) is thought 
to result from binding of proteins at or close to these residues and formation 
of hydrophobic pockets due to the close contact of DIA and protein.
The main advantage this technique involves is the analysis of protein 
interactions with target sequences within the genome and its native chromatin 
enviroment. As such the technique should be of use in the study of the LPD 
promoter as it represents a form of analysis distinct from that provided by the 
in vitro aproaches discussed above.
6.3 METHODS TO IIVESTIGATE THE ROLE OF SPECIFIC DIA SEQUEICES II GEIE
REGULAT101
The above approaches can be used to isolate DIA binding proteins and to 
define the location(s) at which proteins bind to specific regions of DIA. They 
do not however directly address the question of what role, if any, these 
proteins play in regulating gene expression. Furthermore the methods to isolate 
and assay specific DIA-binding proteins may often be insufficiently sensitive 
to identify certain trans-acting factors involved in gene regulation. Different 
techniques have been used to examine how the sequential removal or substitution 
of regions of DIA with a potential regulatory role affect gene expression. Such
an approach identifies those regions of DITA involved in controlling gene 
expression and can uncover sites not detected using the methods discussed 
above.
BalZ 1 exonuclease has been used to create sets of deletions in the 5' and 3' 
direction from specific restrictions sites in the upstream region of many 
different yeast genes. Such sets of 5' and 3' deletions can then be ligated 
together to produce a series of window deletions where each construct contains 
all of the upstream region of a gene minus a small region, the 'window', which 
differs slightly from one construct to the next. Such constructs can then be 
transformed into yeast cells or, preferably, integrated into the yeast genome. 
An analysis of what effect each deletion has upon transcript levels under 
different conditions thus provides information about which sequences are 
important in modulating gene expression. An extension of the window deletion 
approach, termed linker scanning, involves the substitution of the removed 
sequence with a linker sequence. Thus without altering the relative spacing of 
surrounding sequences very specific regions can be altered and any affect on 
gene expression observed. Finally, the devlopment of site directed mutagenesis 
now enables the role of specific bases in the regulatory apparatus of a gene to 
be examined. Once a small region of DIA has been identified as a comtrol 
element specific base changes can be introduced within this region and the 
effects upon gene regulation analysed. The investigation of the control 
elements involved in the regulation of CYC1 (Forsburg and Guarente, IGSS-), and 
HI S3 (Hope and Struhl, 1985; Hill et al., 1986), both of which have been 
discussed in this thesis, represent examples of the use of the three techniques 
of window deletion, linker scanning and site directed mutagenesis. Using these
1 o o
techniques the exact regulatory role of specific bases have been determined 
demonstrating the power of this type of approach in the study of regulatable 
promoters.
The types of technique mentioned here are clearly applicable to the 
analysis of the role of the different sequences in the upstream region of the 
LFD gene showing homology to other yeast regulatory sequences discussed in 
chapter 3. A small series of window deletions, each involving the removal of 
approximately 50 bp, could perhaps be used initially to localise those regions 
involved in gene regulation by monitoring the effect of these deletions upon LFD 
expression. Subsequently finer mapping by linker scanning and site directed 
mutagenesis could be used to locate these regions more precisely, Such 
information when combined with results from the type of protein/DlTA binding 
studies discussed above should provide some idea of how the regulatory 
apparatus of the LFD gene is organised and what role any proteins binding 
specifically to the upstream region of the LFD gene have in transcriptional 
control.
6.4 SUMMARY
The analysis of the LFD promoter in yeast requires firstly a detailed and 
extensive examination of how different growth conditions affect the rate of LFD 
expression, Before this is carried out the role of potential cis and trans­
acting factors in the regulation of the gene cannot be established. Once the 
pattern of LFD expression under different growth conditions has been determined 
the wide range of techniques which have now been developed to study protein/DlTA 
interactions and to identify sequences involved in regulation of gene
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expression, discussed throughout this chapter, can be used to study the LPD
promoter,
Beyond the analysis of the LPD promoter, it would be interesting to
investigate whether other yeast genes encoding TCA cycle enzymes share common
regulatory sequences involved in modulating co-ordinated expression, In
particular the genes encoding the El and E2 subunits of pyruvate dehydrogenase 
and 2-oxoglutarate dehydrogenase might be expected to contain certain cis- 
acting elements which are similar to those involved in the regulation of LPD 
expression. Such an investigation will rely upon the isolation and sequencing 
of the other yeast genes encoding TCA cycle enzymes.
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The Nucleotide Sequence of the LPD1 Gene Encoding Lipoamide 
Dehydrogenase in Saccharomyces cerevisiae: Comparison between 
Eukaryotic and Prokaryotic Sequences for Related Enzymes and 
Identification of Potential Upstream Control Sites
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The complete nucleotide sequence of the LPD1  gene, which encodes the lipoamide 
dehydrogenase com ponent (E3) of the pyruvate dehydrogenase and 2-oxoglutarate dehydrogen­
ase multienzyme complexes of Saccharomyces cerevisiae, has been established. The flanking 
region 5' to the LPD1 gene contains D N A  sequences which show homology to known control 
sites found upstream  of other yeast genes. The prim ary structure of the protein, determ ined from 
the D N A  sequence, shows strong homology to a group of flavoproteins including Escherichia coli 
lipoamide dehydrogenase and pig heart lipoamide dehydrogenase. The am ino acid sequence 
also reveals the presence of a potential targeting sequence at its N-term inus which may facilitate 
transport to and entry into m itochondria.
I N T R O D U C T I O N
Lipoamide dehydrogenase (EC 1 .8 .1 .4 )  is a com ponent of the multienzyme complexes 
pyruvate dehydrogenase and 2-oxoglutarate dehydrogenase, which catalyse the oxidative 
decarboxylation of pyruvate and 2-oxoglutarate to acetyl-CoA and succinyl-CoA respectively 
(Reed, 1974). Both complexes contain multiple copies of three com ponent enzymes: pyruvate 
dehydrogenase (EC 1 .2 .4 .1 )  or 2-oxoglutarate dehydrogenase (EC 1 .2 .4 .2 )  (E l); dihydro- 
lipoamide acetyltransferase (EC 2 .3 .1 .1 2 )  or dihydrolipoam ide succinyltransferase (EC 
2 .3 .1 .6 1 )  (E2) and lipoamide dehydrogenase (E3). The El and E2 com ponents are specific to 
their respective complexes whereas lipoamide dehydrogenase has been shown to be functionally 
interchangeable between both (M ukherjee et al., 1965), and in Escherichia coli and 
Saccharomyces cerevisiae is encoded by a single gene (Guest & Creaghan, 1973; Dickinson et al., 
1986).
In higher eukaryotes lipoamide dehydrogenase has an additional role in the multienzyme 
complexes which specificially catalyse the oxidative decarboxylation of branched-chain 2- 
oxoacids derived from leucine, valine and isoleucine by transam ination (Lawson et al., 1983). 
The reversible oxidative decarboxylation of glycine has also been shown to involve lipoamide 
dehydrogenase in the aerobic bacterium  Arthrobacter globiformis (Kochi & K ikuchi, 1976), in 
the anaerobe Peptococcus glycinophilus (Robinson et al., 1973) and in rat liver m itochondria 
(Kochi & Kikuchi, 1976).
Regulation of the synthesis of the E l , E2 and E3 components o f pyruvate dehydrogenase and 
2-oxoglutarate dehydrogenase in E. coli has been studied extensively (Guest & Rice, 1984; 
Spencer & Guest, 1985), and it has been shown that the E  and F  genes of the ace operon and the 
A and B  genes of the sue operon encode the EI and E2 subunits of the pyruvate dehydrogenase 
and 2-oxoglutarate dehydrogenase complexes respectively. Lipoam ide dehydrogenase is 
encoded by a single gene, Ipd, which is linked to the ace operon but can operate under the control 
o f its own promoter. T ranscription from sucAB, aceEF  and Ipd genes shows differential
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regulation in response to the nature o f the carbon source, thereby ensuring the necessary ratio of 
subunit components when pyruvate and/or 2-oxoglutarate dehydrogenase enzyme complexes 
are required. The absence of operons in eukaryotic organism s dictates that the regulation of 
synthesis of the E l, E2 and E3 com ponents in yeast must differ from the system found in E. coli.
The role o f lipoamide dehydrogenase in at least two multienzyme complexes raises several 
interesting questions concerning the regulation of synthesis and control of distribution of an 
enzyme which functions within two different complexes. The enzyme is encoded in the nucleus 
but must be transported to its site of action in the m itochondrion. Biochemical studies of the 
initiation of sporulation in 5. cerevisiae have shown that the regulation of 2-oxoglutarate 
dehydrogenase activity may be of crucial im portance in the switch of cells from vegetative 
growth via mitosis to the developmental processes of meiosis and sporulation (Dickinson et al., 
1986). In S. cerevisiae the enzyme has also been shown to be subject to catabolite repression (Roy 
& Dawes, 1987).
Determ ination of the D N A  sequence for the genes which encode the E l,  E2 and E3 
components of both pyruvate and 2-oxoglutarate dehydrogenase is necessary in order to study 
how their syntheses are regulated at the molecular level.
M E T H O D S
Sources o f  D N A. T he 3-7 kb Xho\ fragm ent w hich contains the L P D I  gene was ob tained from  p G P -R l (Roy & 
Dawes, 1987) for 'shotgun ' cloning into M13 vectors. Large-scale plasm id and phage R F2 D N A  isolation was 
perform ed by alkaline-SDS lysis; the D N A  was purified by centrifugation in CsC l/ethidium  brom ide gradients 
(M aniatis et al., 1982). Restriction fragm ents were separated by electrophoresis in agarose gels and extracted by 
electro-elution onto dialysis m em brane (Smith, 1980).
Cloning in the M li-b a sed  vector. The 3-7 kb Xhol fragm ent was digested w ith three restriction enzymes for 
shotgun cloning into M 13m pl8 (M essing, 1983). Taql and M spl fragm ents were cloned into the AccI site of 
M 13m pl8, and Sau3A l fragm ents were cloned into the Bam  HI site o f  the sam e vector. In addition, the 1-45 kb 
Xbal fragm ent was cloned into the Xbal site o f M 13m pl8. T ransfection o f E. coli JM101 [A(lac-pro) supE thi/F' 
traD36 proAB lacP ZAM 15] was perform ed according to published procedures (W inter & Fields, 1980).
Nucleotide sequence analysis. Single-stranded M 13 D N A  tem plates were prepared and sequenced by the dideoxy 
chain-term ination method using a 17-nucleotide synthetic prim er (Sanger et al., 1977). Two 15-nucleotide 
synthetic primers, based on inform ation obtained from the L P D I  sequence, were also used. The nucleotide 
sequence was com piled and analysed using the U niversity of W isconsin G enetics C om puter G roup program s 
(Devereux et al., 1984).
Materials. Restriction enzymes were purchased from Bethesda Research Laboratories, Boehringer, and 
N orthum bria Biologicals. Phage T4 D N A  ligase was from either Boehringer or N orthum bria  Biologicals. The 17- 
nucleotide synthetic prim er was obtained from  Pharm acia; the 15-nucleotide synthetic prim ers were purchased 
from OSW EL D N A  Synthesis Service, Chem istry D epartm ent, Edinburgh U niversity. D N A  polymerase 
(Klenow fragm ent), dideoxynucleotides and deoxynucleotides were obtained from Boehringer, [a-32P]dA TP from 
A m ersham , and reverse transcriptase from N orthum bria Biologicals.
R E S U L T S  A N D  D I S C U S S I O N  
The nucleotide sequence
Based on deletion analysis of the plasmid pG P l (Roy & Dawes, 1987), a Y Epl3-based vector 
containing a 5-5 kb yeast D N A  insert carrying the L PD I gene, a 3-7 kb Xhol fragm ent was 
chosen for ‘shotgun’ cloning analysis. A region of 2701 bp has been sequenced. All of the 
sequence was obtained from at least two independent clones, it was fully overlapping and was, 
with the exception of a OT kb region 0-8 kb upstream of the coding region, derived from both 
D N A  strands. The program m a p  was used to identify the coding region representing the LPD I 
gene. One large open reading frame of 1 -5 kb was found, which is consistent with the known size 
of the yeast lipoamide dehydrogenase subunit polypeptide (W ieland, 1983) and which exhibits a 
consistently high score with respect to preferred codon usage in 5. cerevisiae determ ined using 
the programs CODONFr e q u e n c y  and c o d o n p r e f e r e n c e  (data not shown). The complete and 
unambiguous sequence of the LPD I gene and the prim ary structure of lipoamide 
dehydrogenase, translated from the D N A  sequence, are presented in Fig. 1.
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In the region 5'-distal to the L PD I sequence are two potential open reading fram es: one (at 
— 571), which would be read in the opposite sense, is capable of encoding a polypeptide of 77 
residues; the other (sequence not complete, term inating at — 858) could encode a polypeptide of 
at least 76 am ino acids. A search of the N BR F protein data base showed no strong homology 
between the two predicted amino acid sequences and any known protein.
Primary structure o f  yeast lipoamide dehydrogenase 
The primary structure, translated from the nucleotide sequence of the LP D I  gene, contains 
499 am ino acid residues that correspond to a protein of M r 54010 (54730 including the FAD 
cofactor). These M r values are in good agreem ent with previous estimates (W ieland, 1983).
Lipoamide dehydrogenase, encoded in the nucleus and synthesized on cytoplasmic 
ribosomes, is a com ponent of two multienzyme complexes which function in the m itochondrial 
m atrix-inner m em brane com partm ent. The presence of an N-term inal targeting sequence, 
which directs the protein to its correct subcellular location and facilitates its entry into the 
m itochondrion, has been shown in m am m alian cells. Antibodies raised against the E l, E2 and 
E3 com ponents of mitochondrial 2-oxoglutarate dehydrogenase from ox heart have been used to 
show the presence, in cultured pig kidney cells, of initial cytoplasmic translation products that 
are larger than the m ature proteins (Hunter & Lindsay, 1986). The E3 com ponent is synthesized 
as a polypeptide 10-20 am ino acids larger than the m ature protein. The prim ary structure, 
derived from the LP D I  nucleotide sequence of S. cerevisiae, supports the conclusion that, in this 
organism, the lipoamide dehydrogenase N-terminal region represents a m itochondrial targeting 
sequence. The first 20 am ino acids are rich in seryl, threonyl and basic residues, and show a 
complete absence of acidic residues. All of these features are typical of mitochondrial targeting 
sequences in yeast (von Heijne, 1986). In E. coli such a targeting sequence would be unnecessary; 
and when the prim ary structures of E. coli and S. cerevisiae lipoamide dehydrogenase (Stephens 
et al., 1983) are aligned (see Fig. 2) the yeast sequence is seen to contain an additional 20 amino 
acids at its N-term inus which are absent from the inferred E. coli protein.
The prim ary structures of several flavoproteins have been determ ined either partially or 
completely. Pig heart lipoamide dehydrogenase, E. coli lipoamide dehydrogenase, human 
erythrocyte glutathione reductase and Pseudomonas aeruginosa transposon mercuric reductase 
amino acid sequences have previously been com pared (W illiams et al., 1984) and four regions 
were identified which show strong homology between the four proteins. Two of these (FAD-1 
and FAD-2) are involved in the binding of FAD, and the others constitute a pyridine nucleotide 
binding dom ain and an ‘interface’ dom ain involved in the interaction between subunits of the 
enzyme. Fig. 2 shows the prim ary structure of these four proteins and of S. cerevisiae lipoamide 
dehydrogenase aligned for maximum homology using the com puter programs g a p  and p r e t t y . 
The prim ary structure of S. cerevisiae lipoamide dehydrogenase is in full agreement with the 
established ‘dom ain homology’ found between the other proteins. Com parison of the three 
lipoamide dehydrogenase prim ary structures reveals that the strongest homology lies between 
those of pig heart and yeast. The higher level of homology is particularly noticeable in the dimer 
interface region concerned with the interaction of the two polypeptides in form ation of the 
active dimeric form (see Fig. 2). This may indicate that there are differences between 
prokaryotes and eukaryotes in the recognition of the subunits during assembly, which is 
reflected in the different organization of the multienzyme complexes in terms of subunit 
composition, especially for pyruvate dehydrogenase (Reed, 1974). Despite these differences the 
overall degree of homology that exists between all three polypeptides indicates the heavy 
evolutionary constraints placed upon an enzyme which functions within two different 
multienzyme complexes. This is also reflected in the low immunogenicity of the yeast E3 subunit 
relative to the other enzymes of the pyruvate and 2-oxoglutarate dehydrogenase complexes (De 
M arcucci et al., 1985).
General features o f  the noncoding regions 
The sequences upstream and downstream which flank the coding region of the LPD I gene 
share several characteristics common to the 5'- and 3'-noncoding regions of many sequenced 
yeast genes.
The yeast lipoamide dehydrogenase gene 1133

























J .  R O S S ,  G .  A.  R E I D  A N D  I .  W .  D A W E S  
TCGAAAGAAAGATCATTCATGAACTGGGGCTATGTGGCCACATCGAGGACATTGCAGTAAACTCCAAGTATCAGGGCCAAGGTTTGC
-1087  +--------- +..... +--------- +--------- +--------- +--------- +---------+.........
GCAAGCTCTTGATTGATCAATTGGTAACTATCGGCTTTGACTACGGTTGTTATAAGATTATTTTAGATTGCGATGAGAAAAATGTCAAATTCTATGAAAA








+ + + + + + + + + + -
TTGGCGAGAAG'lfcTCCGCGGAGC^CTTAATGGAAACTTAGTGTATTATAATGCTAATAAACAATTTGATGATAATTCGTACCCT'ltrGACIfcyfcCTCGAk
TATATATAGATATATATATACATATAACGTATATTTATATATATACGGTTTTGTTCGATTGTCTCTGTCGTACCATCAAAGAACATACTAACAGTTCACA
Met Leu Arg Ile Arg Ser Leu Leu Asn Asn Lys Arg Ala Phe Ser Ser Thr Val Arg Thr Leu Thr Ile Asn Lys 
ATG TTA AGA ATC AGA TCA CTC CTA AAT AAT AAG CGT GCC TTT TCG TCC ACA GTC AGG ACA TTG ACC ATT AAC AAG
Ser His Asp Val Val Ile Ile Gly Gly Gly Pro Ala Gly Tyr Val Ala Ala Ile Lys Ala Ala Gin Leu Gly Phe 
TCA CAT GAT GTA GTC ATC ATC GGT GGT GGC CCT GCT GGT TAC GTG GCT GCT ATC AAA GCT GCT CAA TTG GGA TTT
Asn Thr Ala Cys Val Giù Lys Arg Gly Lys Leu Gly Gly Thr Cys Leu Asn Val Gly Cys Ile Pro Ser Lys Ala 
AAC ACT GCA TGT GTA GAA AAA AGA GGC AAA TTA GGC GGT ACC TGT CTT AAC GTT GGA TGT ATC CCC TCC AAA GCA
Leu Leu Asn Asn Ser His Leu Phe His Gin Met His Thr Glu Ala Gin Lys Arg Gly Ile Asp Val Asn Gly Asp 
CTT CTA AAT AAT TCT CAT TTA TTC CAC CAA ATG CAT ACG GAA GCG CAA AAG AGA GGT ATT GAC GTC AAC GGT GAT
Ila Lys Ile Asn Val Ala Asn Phe Gin Lys Ala Lys Asp Asp Ala Val Lys Gin Leu Thr Gly Gly Ile Giù Leu 
ATC AAA ATT AAC GTA GCA AAC TTC CAA AAG GCT AAG GAT GAC GCT GTT AAG CAA TTA ACT GGA GGT ATT GAG CTT
Leu Phe Lys Lys Asn Lys Val Thr Tyr Tyr Lys Gly Asn Gly Ser Phe Glu Asp Giù Thr Lys Ile Arg Val Thr 
CTG TTC AAG AAA AAT AAG GTC ACC TAT TAT AAA GGT AAT GGT TCA TTC GAA GAC GAA ACG AAG ATC AGA GTA ACT
Pro Val Asp Gly Leu Giù Gly Thr Val Lys Giù Asp His Ile Leu Asp Val Lys Asn Ile Ile Val Ala Thr Gly 
CCC GTT GAT GGG TTG GAA GGC ACT GTC AAG GAA GAC CAC ATA CTA GAT GTT AAG AAC ATC ATA GTC GCC ACG GGC
Ser Giù Val Thr Pro Phe Pro Gly Ile Giù Ile Asp Glu Giù Lys Ile Val Ser Ser Thr Gly Ala Leu Ser Leu 
TCT GAA GTT ACA CCC TTC CCC GGT ATT GAA ATA GAT GAG GAA AAA ATT GTC TCT TCA ACA GGT GCT CTT TCG TTA
Lys Giù Ile Pro Lys Arg Leu Thr Ile Ile Gly Gly Gly Ile Ile Gly Leu Glu Met Gly Ser Val Tyr Ser Arg 
AAG GAA ATT CCC AAA AGA TTA ACC ATC ATT GGT GGA GGA ATC ATC GGA TTG GAA ATG GGT TCA GTT TAC TCT AGA
Leu Gly Ser Lys Val Thr Val Val Giù Phe Gin Pro Gin Ile Gly Ala Ser Met Asp Gly Giù Val Ala Lys Ala 
TTA GGC TCC AAG GTT ACT GTA GTA GAA TTT CAA CCT CAA ATT GGT GCA TCT ATG GAC GGC GAG GTT GCC AAA GCC
Thr Gin Lys Phe Leu Lys Lys Gin Gly Leu Asp Phe Lys Leu Ser Thr Lys Val Ile Ser Ala Lys Arg Asn Asp 
ACC CAA AAG TTC TTG AAA AAG CAA GGT TTG GAC TTC AAA TTA AGC ACC AAA GTT ATT TCT GCA AAG AGA AAC GAC
Asp Lys Asn Val Val Giù Ile Val Val Giù Asp Thr Lys Thr Asn Lys Gin Giù Asn Leu Giù Ala Giù Val Leu 
GAC AAG AAC GTC GTC GAA ATT GTT GTA GAA GAT ACT AAA ACG AAT AAG CAA GAA AAT TTG GAA GCT GAA GTT TTG
Leu Val Ala Val Gly Arg Arg Pro Tyr Ile Ala Gly Leu Gly Ala Giù Lys Ile Gly Leu Giù Val Asp Lys Arg 
CTG GTT GCT GTT GGT AGA AGA CCT TAC ATT GCT GGC TTA GGG GCT GAA AAG ATT GGA TTA GAA GTA GAC AAA AGG
Gly Arg Leu Val Ile Asp Asp Gin Phe Asn Ser Lys Phe Pro His Ile Lys Val Val Gly Asp Val Thr Phe Gly 
GGA CGC CTA GTC ATT GAT GAC CAA TTT AAT TCC AAG TTC CCA CAC ATT AAA GTG GTA GGA GAT GTT ACA TTT GGT
{continued on facing page)
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Pro Met Leu Ala His Ly* Ala Glu Glu Glu Gly lie Ala Ala Val Glu Met Leu Lys Thr Gly Hi* Gly Hi* Val
CCA ATG CTG GCT CAC AAA GCC GAA GAG GAA GGT ATT GCA GCT GTC GAA ATG TTG AAA ACT GGT CAC GGT CAT GTC
Asn Tyr Asn Asn H e Pro Ser Val Met Tyr Ser His Pro Glu Val Ala Trp Val Gly Lys Thr Glu Glu Gin Leu
AAC TAT AAC AAC ATT CCT TCG GTC ATG TAT TCT CAC CCA GAA GTA GCA TGG GTT GGT AAA ACC GAA GAG CAA TTG
Lys Glu Ala Gly lie Asp Tyr Lys lie Gly Lys Phe Pro Phe Ala Ala Asn Ser Arg Ala Lys Thr Asn Gin Asp
AAA GAA GCC GGC ATT GAC TAT AAA ATT GGT AAG TTC CCC TTT GCG GCC AAT TCA AGA GCC AAG ACC AAC CAA GAC
Thr Glu GLy Phe Val Lys lie Leu lie Asp Ser Lys Thr Glu Arg lie Leu Gly Ala His lie lie Gly Pro Asn
ACT GAA GGT TTC GTG AAG ATT TTG ATC GAT TCC AAG ACC GAG CGT ATT TTG GGG GCT CAC ATT ATC GGT CCA AAT
Ala Gly Glu Met lie Ala Glu Ala Gly Leu Ala Leu Glu Tyr Gly Ala Ser Ala Glu Asp Val Ala Arg Val Cys
GCC GGT GAA ATG ATT GCT GAA GCT GGC TTA GCC TTA GAA TAT GGC GCT TCC GCA GAA GAT GTT GCT AGG GTC TGC
His Ala HI* Pro Thr Leu Ser Glu Ala Phe Lys Glu Ala Asn Met Ala Ala Tyr Asp Lys Ala lie His Cys End
CAT GCT CAT CCT ACT TTG TCC GAA GCA TTT AAG GAA GCT AAC ATG GCT GCC TAT GAT AAA GCT ATT CAT TGT TGA
AAACAGGAAATÀATAAACAGTATAGTATATATATTTATGAAGAACCGCTTAGTATTGAGTAAGTAAAAAAAAATTGCACAAGGAATTAATATATGAGGAA
ACTACTAGTCGATC
Fig. 1. N ucleotide sequence o f the LPD 1  gene and deduced prim ary structure o f  lipoam ide 
dehydrogenase. T he nucleotide sequence o f a  2-7 kb region containing the sense strand o f  the LPD1 
gene as well as over 1 kb o f flanking D N A  is show n in the 5' to 3' direction. The specific features o f the 
5' flanking region are noted as follows: T he ‘T A T A ’ consensus sequences are overlined; the sequences 
w hich show homology to known regulatory sequences are boxed. Specific features o f the 3' flanking 
sequence are noted as follows: the proposed consensus polyadenylation signal, A A TA A A , is denoted 
by overdo ts; the proposed polyadenylation/term ination signal T A G ... T A T G T ...  T T T  is denoted by 
underdots.
The noncoding regions of several yeast genes are A T rich and the regions 5' ( — 500 to — 1) and 
3' to the LPD1 coding region have overall A +  T  compositions of 63% and 74% respectively. 
The sequences TA ATAA and TATAA found at positions —146 and — 154 represent potential 
TATA boxes believed to be im portant in positioning transcription initiation by RNA 
polymerase II (Grosschedl & Birnstiel, 1980). An A is found at position -  3 as has been reported 
for the m ajority of yeast genes sequenced (Kozak, 1981).
Downstream  of the TG A  translation term ination codon an additional 114 bp has been 
sequenced. The m otif AATAAA postulated to specify a site involved in polyadenylation in 
higher eukaryotes (Proudfoot & Brownlee, 1976) and seen in m any yeast genes is found at 
position + 12 . The sequence T A G .. .T A (T )G T .. .(A T ric h ) .. .T T T  has been postulated to be a 
signal for transcription term ination or polyadenylation (Zaret & Sherman, 1982), and a version 
of this is found at position + 1 8 : CA G TA TA G TA TA TA TA TTT.
Regulation o f  the LPD1 gene 
The upstream  region from — 358 to — 102 contains a num ber o f motifs which show homology 
to ones that have roles in the transcriptional regulation of other yeast genes. This region 
therefore probably contains elements which control the expression of the LPD1 gene.
These motifs are illustrated in Fig. 3. A t position —247 there is a T G A C T C  sequence with an 
adjacent run of T residues that conforms very closely to the consensus sequence obtained from 
the G C N 4 protein binding sites studied to date (Hill et al., 1986). This protein mediates the 
general control o f am ino acid biosynthesis response that is involved in modulating during amino 
acid starvation the expression of some genes for am ino acid synthesis (Struhl, 1982). It is 
interesting that a second, almost perfect direct repeat sequence (TG A A TC G TTTTT), is also 
present 17 bp away at position —265. A t —114 there is another TG A C TC  motif, although this 
conforms less well to the G C N 4 consensus. A llo ther yeast genes found so far to be subject to this 
G CN 4-m ediated control are concerned directly w ith synthesis of amino acids or charged tR N A  
species. Regulation of lipoamide dehydrogenase by general am ino acid control may be less
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mlrirsllnn krafsstvrt ItinkshDW IIGGGPaGYv AAikAAqLGF nTacVEkrgk LGGTCLNVGC
  adqpidaDVt VIGsGPGGYv AAikAAqLGF kTVcIEkneT LGGTCLNVGC
 steiktqW VIGaGPaGYs AAfrcAdLGL eTViVErynT LGGvCLNVGC
..... acrq epqpqgpdpa agavasyDyl VIGGGsGGla sArrAAeLGa raavVE.shk LGGTCvNVGC
adnrvglldk vxgwmaaaek hsgneppvqV aViGsgGaam AAalkAveqg aqVtliergT iGGTCvNVGC 
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weiv..ved tktnkqenle aEvLLVAVGR rPyiagLgaE KiGlEVDkrG rlVIDdqFns kfPhlkvVGD
********** ********** ****LVcIGR ePfTqnLgLE elGIElr*** ********** *IPnIaAIGD
 V...... tme gkkapaepqr yDavLVAIGR vPNgknLdag KaGVEVDdrG flrVDkqLrT nVPhlFAIGD
evsmvtavpg rXpvmtmipd vDcLLwAIGR vPNTkdLsLn KIGIqtDdkG hllVDefqnT nVkglYAVGD
....hmdgef vlttthgelr aDkLLVAtGR tPNTrsLaLD aaGVtVnaqG alVIDqgMrT snPnIYAaGD
............... ........ -D-LLVAIGR -PNT--L-LE K-G-EVD--G -XV-D T -VP-IYA-GD
▲
4 1 2
o o  O O O  O O O O O  o o o  o o oVtfgPMLAHK AeeEG. . iAa VemLktGhgh vnYNnlPSVra YsHPEVAWVG kT. . EeqlKE aGIDYKigkF
VvagPMLAHK AedEG..iic VegMagGavh IDYNcVPSVI YTHPEVAWVG k..sEeqlKE eGIEYKvgkF
IvgqPMLAHK gvhEGhvaAe Viagk..khy FDpkvIPSIa YTePEVAWVG IT..EkeaKE kGIsYetatF
VcgkaLLtpv AiaaGrklAh rlfeykedsk IDYNnlPtW FsHPpIgtVG ITedEaihKy gienvKtyst
ctdqPqFvyv AaaaG..tra ainMtgGdaa LDltamPaW FTdPqVAtVG ..ysEaeahh dGIEtdsrtL
 V PMLAHK A--EG---A- V--M--G--- LDYN-IPSW YTHPEVAWVG -T--E---KE -GIEYK---F▲
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PWAasgRAia sdcaDGmtKL IfDkeshRVI GgalVGtngG ELlgEigLAI EmGcdaEDIA ItiHAHPTLh
sFtpmyhAvT krkTkcvmKM VcankeEkW GiHmqGXgcd EMXqgfAvAV kmGAtkaDfd ntvaiHPTsS
tLdnvpRAXa NfDTrGflKL ViEegshRXI GvqaVaPeAG ELIqtAAIAI rnrmtvqElA dqlfpylTMv
PFA RA-T N-DTDG-VKL V-D---ERVI G-HI-GP-AG EMI-EAALAI E-GA--EDIA ---HAHPTLS
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( a )
G C N 4 binding site consensus sequence rrTGACTCattt 1
LP D I
LPD1




( h ) C Y C ]  UAS1 
C Y C 1 UAS2 




L P D I - 2 0 4 CTCATTGGCGAGAAGTC - 1 8 9
(c)
H eat-shock consensus sequence C— GAA--TTC— G
L P D I  - 3 4 8  CACGAATAGTCATG - 3 3 5
Fig. 3. A lignm ent o f  potential regulatory sequences w ith known m otifs. In each case the established 
regulatory sequence is displayed, w ith the upstream  regions o f the L P D I  gene w hich show homology 
shown directly below, (a) Consensus sequence for the general control regulatory site. H ighly conserved 
nucleotides are show n as capitals, conserved residues are shown in lower case, and nonconserved 
residues are indicated by dashes. (b) U pstream  activation  sites (UAS1 and UAS2) of C Y C 1 and a 
sequence located in the G A L I-1 0  control region, (c) H eat-shock prom oter consensus sequence.
surprising than it seems at first sight, since some of the tricarboxylic acid (TCA) cycle 
interm ediates are substrates for the synthesis of such am ino acids as glutam ate, arginine, lysine 
and proline. There is one report that fumarase activity is derepressed in arginine bradytrophs; it 
has been suggested that this TC A  cycle enzyme may also be under general am ino acid control 
(Delforge et al., 1975).
A second putative control region, a t position —204, together with its homology with the 
upstream  activation sites o f CYC1, is shown in Fig. 3. The function of this region is not known 
but both genes are involved in aerobic metabolism and are subject to catabolite repression 
(G uarente et al., 1984; Roy & Dawes, 1987); a related sequence with homology over 8 bases can 
be found in the G A L I-10  control region (Johnston & Davis, 1984).
A th ird  potential control site shown in Fig. 3 is the sequence at — 352 which shows a 7 out of 8 
m atch with the general heat-shock consensus sequence (Pelham , 1985).
Several further sequences are also of interest. One is an inverted repeat C T C C G C G G A G  at 
position — 188 which is sim ilar to a general repressor protein binding sequence proposed by
Fig. 2. Protein sequence com parison. The prim ary structures of S. cerevisiae lipoam ide dehydrogenase 
(Y LPD H ), pig heart lipoam ide dehydrogenase (PLPD H ), E. coli lipoam ide dehydrogenase 
(EC LPD H ), hum an red blood cell g lutathione reductase (H G R ) and Pseudomonas aeruginosa m ercuric 
reductase (PA M R ) are aligned for m axim um  homology. The residue num bering is based on S. cerevisiae 
lipoam ide dehydrogenase. A consensus line below the five sequences shows residues com m on to three 
or more o f the am ino acid sequences. The borders o f  the dom ains representing the four regions o f strong 
homology are based on glutathione reductase and are m arked by arrow heads below the consensus 
sequence. The 80 residues at the N -term inus o f m ercuric reductase have been om itted. The individual 
sequences show residues in agreem ent with the consensus sequence in upper case and all others in lower 
case. The alignm ent was perform ed using the program  p r e t t y  with the default protein com parison file 
(G ribskov & Burgess, 1986), w hich regards certain  am ino acids as sim ilar for the purposes o f the 
consensus line. The asterisks in the pig heart lipoam ide dehydrogenase sequence indicate regions of 
unknow n sequence. Residues com m on to pig heart and yeast lipoam ide dehydrogenase but not to the E. 
coli lipoam ide dehydrogenase are shown by circles above the yeast sequence.
T. Cooper (personal com m unication); a second is the sequence CA C C TC G A  a t position —109 
which is homologous to one found upstream  of the ARG3  and C A R I  genes involved in arginine 
biosynthesis and degradation respectively (Crabeel et al., 1985). In addition to the above, the 
upstream region contains a num ber of direct repeats and inverted repeats which may also have a 
role in the regulation of LPD1 expression. One of these at —283 is very interesting since it is a 
23 bp inverted repeat, containing direct repeats o f 9 bp each w ithin it. It is represented in a 
symmetrically truncated form at —361. We are currently investigating the functional 
significance of these upstream regions.
We are grateful to Lynn K ennedy for technical assistance, and  to the SER C  for a postgraduate studentship 
(J. R.) and research g rant support.
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